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Preface

The main problem scheduled for the year 1963 by the team working
on VLF problems since becember 1960 is the explanation and
elimination of discrepancies between the results of theoretical
calculations and experimental measurements that still existed.

For this purpose all factors influencing the propagation of

VLF waves had to be studied theoretically and the experimentel
methods of measurement had to be further developed. The improvement
of all apparatus used so far as well as the expsasnsion of measure-
ments over much greater distances at which clear effects are to

be expected according to theoretical considerations, are of speciel
importance. Measurements vwere conducted in German and Dutch mines
to explain the effect of different geological bodies on wave
propagation; furthermore, a number of conductivity measurements
were made. Y'e mainly thank our "landlord" Bergrat Dipl. Ing. Fettner,
director of the Montan “erke Brixlegg for making it possible for

us to work and move -about freely with our measuring equipment in
the mines of Schwaz and St. Gertraudi.

He also gave us permission to install our mine lab, and some of

his miners did the necessary blasting. ‘'z again want to express

our best thanks.

The directors of the vutch coal pit Oranje Nassau III made it
possible for us (by special safety measures and by unsupported
galleries) to conduct an interesting measurement along a coal seam.
Ve want to thank them verry much for their great efforts.

Furthermore I want to express my special thanks to the lirectors of
the Salzgitter ore mine, Vereinigte Kaliwerke Saldetfurth, Siegerland

ore mine and sll those whe assisted us in our subsurface measurements.

Innsbruck, Pecember 1963 ?elfram Bitterlich




of a new VLF receiver. A completely new way was chosen to build
anterna circuits, amplifier circuits, and selective circuits
from different vierpoints and by means of nuvistors. (See Fig. III).
The first results which are promising show a progress in our
efforts to build an optimum receiving device., The sensitivity,
band width, and the signal-to-noise ratio were improved.

These studies will probably be published in 1964, as the
development is still being continued.

An easily portable measuring device was built and numerous
experiments ir different geolcgical bodies were made in -order
to determine the eclectrical 3at=2 of the rock,. especially the
conductivity.

In 1563, 45 expeditions to mines and underground measurements

were made,

1,2 Field strength measuring device

The #ield strength measuring device built in 1962 had to he improved

WA

in verious respects. In principle, however, the conztruction %:

=

remained the came. The following items hase to be poiunted out: %%

&

(1.) Redesign of tne imput stage; lowering of the noise level, and %%

fi

Sl

2t the same time increase of amplification. A limiter circuit at

the input prevents this stage to be overdriven.

(2.) The selectivity was increased by building in a helical

A AT, AT

potentiometer, simultaneously, the amplification was made more
constant (better than + 2db vhen tuning over a frequency range
of 1 + 10). The frequency range of 30 cps - 30 kc/sec can now
be covered continuously in three ranges.

(5.) The use of a millivoltmeter proved to be very suitable so that

w1 [ RO TR :W‘M;r'

the antenna voltage on the cmplifier input in this developed

Loy
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device can be read directly from the instrument. The scale is
calibrated in microvolis or millivolts. Voltages between 0.1 >
and 100 mv can be measured.

Special attention was paid to the temperature stability of the
device, as the environmental temperature varied from 4°C to
359C. The circuit diagrams of Pigs. 1,1 to 1,4 show that
considerable independence of temperature and fluctuations of
the operating voltage was reached by means of directly coupled
amplifier stages and sufficiently dimensioned negative feed-
backs. The operating voltage is kept constant by an electroric
circuit, battery voltage fluctuations from 20 v to 14 v having
no effect on the measuring accuracy.

A special calibrated oscillator was provided to make it
possible that the device can be recalibrated any time, It
produces rectangular voltale pulses of aprroximately 1.3 kc/sew
vhose value is made independent of th2 environmental temperature
by means of careful ststilization.

This calibrated volta«z is fed to {he amplifier input in
"calibration" position. The indicator of the instrument can

be adjusted to tite corresponaing calibration value by meazns

of the potentiometer P1s

In principle, the superheterodyne unit shovn in Fig. 1,4
remained unchanged. The only ditference occurs in the ouiput
amplifier which no contains complementary transistors in order
to avoid the use of any trensformers whose magnetic stray field
might affect the antenna s%ages.

The field strength meter bu’lt aacording to thess principles

is shown in Fig. IV. The gr-at advantage of this dev ' ze is

its reliable construction and its low weight.
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1,3 The amplifiers of the transmitter and the transuitting
antennas
In principle, the battery-operated device remai.c-d unchanged,
but an autotransformer made it _ossible to reach a higher
outnut power. Fig. 1,5 shows that the antenna circuit can
thus be directly connected with the output transistors,
without involving any additi.:a’ drawbacks. The operating
reliability was improvced by using an overvoltage fuse for
output transistors, This is to avoid that short-~term voltage
peaks which might occur e.z. by tuning to resonance by means
of the capacitor dccale, desiroy the power transistors.
TLis protective circuit consists cf heavy-duty diodes and a
sufficiently dimensioned buffer canacitor (11 mF).
As the capacitor decade in the improved amplifier of the
Sransmitter had been made stronger so that resonance voltages
up to 2000 v could occur without any damage, the mechanical
conctruction of thes Zevice had also to be changed
correspondingly. Thne device was used mainly for measurements
in Germany and Holland. An amplifier of 1000 w was installed
in tke St. Gertraudi mine in order to transmit over larger

istances. The 1evice delivered by the firm Bryan SAVAGE is

mains supplied. The frequency range of the amplifier at full
output power reaches 0 cpz - 10 ic/sec. Especially in
connection with the transmitter antenna SA VIII (which will
be described bzlow) with a vwinding surface of apvroximately
480 mz, distance of more than 3000 m could be bridged without
gny difficulties.
A3 e have mentioned before, this transmitter was set up

in ¢ special minc laboraiory Tnic v23 necessary because of
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the available power and also because such a device has to be
set up unider certain climatic ccnditions. The atmospheric
hunidity had to be reduced from 100% to standard values, and
the installations had to be made with special care for such
po¥ers, Fig. I shows the transmitter and the mine lab. Two

separate antennas were fed with this device.

1. Pivoted frame: SA VII.
In order to make possible measurements under different angles{},
the existing frame in the “Bunte Kluft", with a winding surface

of 300 m?

, had to be reconstructed so that it can be used for
the provided power of 1 kw. For this purpose, it was necessary
to insulate the individual turns of the frame sufficiently.
Voltages that occur between the individual turns or also with
respect to ground exceed 2000 v, sc¢ that the plastics insulation
of the wires becomes insufficient. Therefore, the individual
wires were installed at a certain distance in order to avoid

a direct contact of the wires. Fig. II shcws the new antenna

vhose dimensions on the "hole remained the same, namely

3.8 mx 4 m coll area,

2. Fixed frame: SA VIII.
For measurements over larger ’istances, a pivoted antenna
(SA VII, see above) coull not be used. The next step was
therefore the construction of a threefold frame with a —inding
area of 480 m2. The dimensiocons of this frame are approximately
40 r x 40 m. The antenna rs laid through vertical shafts and

the connecting galleries 2bove znl below. In this case it was

also important to inculate thr antenna sire perfectly from the




ground, otherwise a considerable portion of the output power
would have been lost.

Sufficient dimensioning of the wire cross section (2.5 mm'2 Cu)
allowved us to Choose the resistance of the amtenns so saail
that a current of more than 25 a passes thrcugh the antenna at
full output power. The two transmitter antennas differ by a
factor which can be expressed by winding area times antenna
current. The following values are obtained:

SA VII : 750 a+m?

SA VIIT : 1350 a-m?

SA VIII is thus superior to SA VII by the factor 1.8. The only
drawback is the fact that SA VIII is n»t pivoted so that it

can only be used for measurements at one single angle~3.
Mine laboratory

A special room with a power supply (380 v 50 cps) had to be
equipped for setting up the large mains-supplied transmitter.
As it was desirable that a number of measuring instruments should
be left permanently in the new lab, the atmospheric humidity in
the mine had to be reduced from 100% to standard values.

This is done by two powerful air drying apparatus. In order to
increase their efficiency, the room is permanently kept at a
temperature of more than 259C., It is very difficult to air-
condition the laboratory Lecause the surrounding rock is very
damp and the floor of the gallery is covered witn percolating
water.

The mine lab shown in Fig. I is equipped with the f»sllowing

devices:




(1) Low-frequency amplifier ranging from 20 cps to 10 ke¢/sec
with 1 kw output power.
(2) High frequency emplifier for frequencies ranging from
100 kc/sec to approximately 600 kc/sec with a maximum
output power of 1200 w.
This transmitter is intended to be used for conductivity
measurements. The theoretical bases of these measure-
ments are outlined in our second annual report {1] and
in {4].
(3) A mamber of instruments such as an oscilloscope, &
multirange voltmeter, en RC generator, an AF amplifier,
& VLF receiver, and a tube voltmeter.
The laboratory will become very important for future work,
because measurements of VLF transmitters and atmospherics over
extended periods of time are planned. The position of the 1lab
in the mine is shown in Fig. 1,21 (A). This site was chosen
because it offers the possibility of transporting heavy instru-
ments with the mine railway right to the mine lab, and because

antennas can easily be set up in its immediate neighliorhood.
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Propagation measurements of VLF waves

As we have briefly mentioned in the preface, the experimental
studies of 1963 concentrated on two points:

1. The most important tasks were studies of propagation
in geological media which differ largely from those examined
so far. The excursion to Northern Germany and Holland yielded
a number of interesting results concerning this sphere of
problems. We conducted measurements in five different mines
in media of high conductivity and also in well insulating rock.
The possibility of measuring under simple geometrical conditions,
i.e. conditions under which the earth's surface can actually be
looked upon as a plane, was of great interest. Our thecretical
calculations are all based on this simplified assumption so that
the measurements made in the Tyrol are only approximately
comparable to the results obtained theoretically.

2. Measurements over very large distances, i.e. more than
one kilometer. They were expected to yield results concerning
our apparatus and especially the construction of devices that
would make possible transmission over still greater distances.

At the same time another problem could be solved, namely the problem
whether the sky wave or the ground wave is responsible for the

propagation. This problem is to be discussed in part Iy1, 7’
Salzgitter mine Konrad I (Germany)

The measurements conducted in ihe iron ore mine Konrad I yielded =
number of very interesting results, as the conductivity of the
studied geological medium differs considerably from those studied

so far.
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The experimental results were comrared with the theory given

in [1] that holds for a dipole in an unbounded homogeneous
medium. As the conductivity was unexpectedly high, the numerical
data given in [1] had to be calculated again for the special

values ¢f conductivity and distance.

1, Theoreticael considerations

According t: “2 heory developed in the second Annual VLF Report
(1962), whicn holds for a mametic dipole in an unbounded and
conducting medium, the magunetic field strength was calculated

as dependent on the distance r, the angle J+ and the

conductivity o. Below, the cuantity A(see p.1 1 expression 40
and 41 in the above report) instead of the conductivity o

shall be considered to make the calculation more general,
otherwise the results wvould be bound to a certain measuring
frequency, but this is to be avoided. For this purpose, the
function h(r,0, ) (expression 52 of the report) was calculated

for a number of distances ard conductivities.

The function

2
n(r,d,4) = expgnAr) [4 cos 8‘( A,

25
{ I‘2 1‘2 T

+2A2)+

(1)

2 1/2
2 2L 20 44 2
+ sin® A ( 7t 5 el AN )
r r T

(A%

is calculated in Table I for the values A = 4.86~1O-2;

2

1,085107°; 3,45-107 L

2; 1.09-10° '. For the

7.7-107%.

frequency 3 kc/sec aced for * ese —casurements, the

-

: - ; 2 -1 -1 -1
conductivity would te ¢ - . ,

67 107 ;3 24100 3 5-10
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1(52"1 m'1). The graphical representations shown in Figs. 1,6
through 1,9 give a good illustration of the directional pattern
as dependent on the distance at constant conductivity on the one
hand, and at a given distance as dependent on the conductivity
on the other hand. For a better survey, the value of the
function h(r,¥,A) was plotted in the diagram in radial direction
(logarithmic scale). Fig. 1,8 clearly shows the result

obtained previously, namely that the field strength component

H (in the directionu;’= 900) for a certain conductivity has a

maximum at a given distance and frequency.

The definition of the function ¢(r,4) in the form

(s
o(r,5) = ELZE=0 (2)
ig &= 900

proved advantageous for further studies. Table II gives some
computed values of this function which are plotted in Fig. 1,10.
By means of this function which on the whole is consistent with
the function V(r) in the report (see p. 16, expression 53), the
conductivity can be determined from the value of o¢(r,A) which
can easily be measured by experiment, and from Fig., 1,10 via .
The considerable decrease of the value of the function
characterizing the far field of the dipole indictes the
predominance of the component H.

In the present report it shall not be discussed how far the
boundary of the medium can be neglected and how great the error
thus becomes, since the existing results at present are being

compared with the ex»erimental data.

2. Measurements in the Salzgitter mine (Germany)- shaft region
Konrad I

The geological structure of this region is characterized by a
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variety of flat strata formed by repeated flooding by the sea. The
exploitable iron ore field of the Upper Jurassic is accompanied by
zones of marly limestone. The rock on top of the mine has an
gverage height of 1000 m, the inclination of the deposit to the
horizon being 22°. The concentration of this ocolitic ore is
approximately 30%, the average size of the individual brown

iron grains is 0.5 mnm.

Suitable measuring sites with specific conditions in the mine itself
were not easy to find. Regions with wires of the mining raiiway,
power cables, or even iron formwork had to be avoided. Two short
drifts 186 and 25 m long in the 1000m bed seemed to be most suitable.
Despite the short distance betwecen transmiiter and receiver,
characteristic antenna patterns could be measured owing to the

high conductivity of the ore body - a d-c measurement yielded

o = 2-10-1(§1‘1m-1). The working method for finding these diagrams
had already been described in detail in the above annual report.

The measurements with the receiving antenna were conducted such

that the antenna is revolved 350° about its vertical axis at a
congtant angle%’. This rotation corresponds to a change in angle ¢
between the dipole axis of the receiving antenna and the field
direction. The angle-&'is the angle between the direction of the
dipole axis of the transmitter antenna and the direction to the
receiving point. The measured valves obtained by this method are
given under Ue in Tables III and IV. Column ﬁe was obtained from
these values by averaging the measured values belonging to ¢, ¢$+180°,
¢ +90°. The mean values thus obtained are shown in Figs. 1,11 and
1,12. The third column givea the mean values ﬁe calculated bv the
method of least squares, with allowance for the dependence

g = er~cos¢. According o Figs. 1,11 and 1,12, this dependence

e

on the angle ¢ obviously docs rol ocecur, since the minimum of the
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curve does not assume the value zero, but decreascs only down to a

e cara A

certain fraction of the maximum value (see above). In this case,

the situation is probably more complex than it was shown by the

above theory.

The voltage induced in the antenna calculated according to the law

o
o 4 L a¥_ af « 4
of induction is: !Uind;{ =3t "t B df.cosy = 35 B.Fecos} (3).

If B is considered to be a constant vector which in the general case

[PPSR e

-may be looked upcn -as. a resultant of the primary field and a series
‘of secondary fields, then it follows from the above equation that the
induced voltage becomes zero for the angle ¢ = 90°. Hence, no con-
'clusfqnsycan>be*madp fr6m:thg measured deviation to the disturbing
éﬁfgct éfAsecqndary~fields caused by the boundary of the ore bhody.

The most obvious assumption that

can s8till explain the measurement

is that of a highly inhomogeneous

; : 21, \&[‘gr : field., In this case, the situation
. ﬁ}&{" R ""”‘qiﬁ; at'the‘receiving antenna can thus be
R , \
/ represented.

: The induced voltage can be represented by the expression (4):. The
‘ ' gngfeg»¢1 gﬁa @2 are different owiing to the field inhomogeneity and
are interrelated (see diagram) in the following way:

- -

B Y o (f ar = o]
UindNB1 cos¢, + B, cos, (4); by + 4, + @ 180° (5)

This relation can be substituted in (4), « being & measure of the :

i inhomogeneity. From these assumption it follows that the

induced voltage need not become zero for whatever value of

$qs if the receiving antenna is turned, i.e., if ¢, is

‘ E changed. This is consistent with the actual observation.

Here, the effect is explained only qualitatively, not con-

v -

sidering the reasons for the great influences cn the trans-

ol
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mrtter field. The fellowing values of the function ¢(r,a) for

18 and 25 m are calculated from the two measurements:

o(r, ) r(m)
1.15 18
0.75 25

These values are plotted in Fig. jﬂQThe value obtained with good
approximation for the conductivity by interpolation is

g = 3-10’163-1’m-1). The error is no more than 25% which
considering the small distance is very good. Furthermore, this
conductivity is also consicievt with that measured with direct

current : 2-10'262”1°m-1).

For a better understanding of Figs.ﬁ1tyﬂ$§‘it must be added that
the envelope of all curves gives the field strength diagrams
represented in Figs. 1tthrough m?, The conducted measurements show
that m(r,é)<1 for a distance of 25 m, hence measurements for
distances of 50 m in the studied rock are already conducted in

the far field. This fact is of special interest, since the
conditions in the mines of Schwaz and St. Gertraudi are completely
different; here, ¢(r,n) was found to decrease but slightly even at
1000 m. For this reason, detailed studies with allowance for the
upper and lower boundaries of the ore body can be expected to

yield interesting results,
Potassium mine Hansa III, Empelde near Hannover (Germany)

In Konrad I, the conductivity of rock was generally three orders
of magnitude higher than in the mines examined so far, in the mine
Hansa III, however, measure~-ntc were made in a medium whose

conductivity is so low that it c¢can approximately be considered =e
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an insulator. The measurements were made in a large salt block,
under conditions which, owing to the low humidity, suggested the
results to be similar to those measured in air.

The bottom of a bed 1000 m below ground was chosen as measuring
site, tecause it contained no rails and no cables; furthermore,

we used a number of gangways far away from power cables.

Despite the favorable measuring conditions, a number of unexpected
interferences occurred.

(1) Owing to the poor damping in salt bodies, considerable
interferences by the underground railways in higher gangways
were observed.

(2) The salt is being poured through inclined shafts.

Owing to the low content of humidity, it gets electrostatically
charged. Continuous discharges, howzver, cause considerable and
irregular fluctuat: ons in deflection of the measuring instrument,

making exact measurements very difficult.

For the planned measurements, the transmitter was set up at

PP 107 (see Fig. 1,13) the antenna being aligned such that the
angular deflections for the individual points of measurement
remained as small as possible, Table V gives the measured
values for the individual points, The different d values were

not taken into account in the graphical representation of PFig. 1,

The magnetic field strength is plotted in arbitrary units so
that a larger number of measurements of several mines can te
represer.ted in one figure. Furthermore, the individual curves
were shifted upward or downward in parallel; hence, conclusgicns

from ‘he position of two curves must not be made.
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The dependence h(r,¢) is given in Table IV and Fig. 1,14

with the angles & and ¢ being changed at a constant distance

of 240 m. From this meesurement the value of ¢(r,4) was
determined and found to be approximately 2. This result also
suggests that the conductivity of the medium is low.

Although damping in the salt body was poor, the transmitter GBR
which is very strong above ground could not be received anywhere
in the mine. Reception measurements were conducted 200 - 10C0O u
below ground. There are probably two reac ns for this negative
result of the measurements:

(1) There is a layer of ground water at a depth of approx-
imately 180 m which contains much salt and thus screens signals
from above ground completely, no matter whether they come from
VLF transmitters or atmospherics.

(2) The propagation mechanism of VLF signals is such that
there exists a considerable difference whether the wave penetrates
the earth's surface vertically or horizontally. The second
viewpoint is supported by a number of measurements in other German
mines where there is certainly no groundwater layer that contains
salt, and also by good receiving conditions in the mines of
Schwaz, Lafatsch, and Gertraudi, where the receiving conditions

were very good in similar or greater depths.
Ore mines of Fuesseberg and Georg (Siegerland - Germany )

The conditions in these two mines were similar to those in the

mines of Schwaz and Certraudi. Iron ore (siderite) which is

ate

-3 n tha fAarm nf a agtoon nl
daa kb Vel P S LYY N A by AT F S

10 m thick. In Fuesseberg it is straight, whereas in the Georg

mine it is shaped like a horseshoe (see Figs. 1,15 and 1,17)
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The measuring sites were chosen in such & way that most ci the
line connecting transmitter and receiver passed through ore,

or such that the points of measurement were in front of or
tehind the plate. This arrangement made it possible that the
effect of an inhomogeneous medium on the propagation eof VLF waves
could be studied. The curves that belong to Table VII and
Table VIII are shoewn in Fig. 1,20. On the whole, these curves
have the same course as those of our measurements in Schwazs [1]
which indicates similar conductivity of the rock. Conductivity
measurements with direct current which still have to be
discussed show that the dced r2ck end the ore in the two mines
are of almost equgl resistivity. Hence, a small difference
between the measurcmen*s in front of and behind the ore plate
is observed. Tables IX and X give the vélues of another
measurement made under the following conditions:

The transmitter was placed at 82 in a gangway 100 m hisher,
the axis of the transmitter antenna being horizontal so that
anproximately equsl angles'ﬁ are obtainzd for all points of
measurement. Then, the fielid strength was measured at the given
points, the receiving entenna having a position that corresponds
to ¢ = 0° (i.e. maximum input voltage). This measurcment could
not be represented graphically, as the measured values depend on
two independent quantities, the aistance r and the angle‘&. The
measurements given in the »nrnsent report are meinly to be used
for comparing the experimental with the theoretical values o a
dipole at a certain deptli Lelow the earih’s suriace |71, Owing
to the comuvlicated arrar ement, the evaluations have not been
completed as yet. 1In the diccuss=2d cis2, the distance be*ween

transmitter and the eartn's csuriface was approximately equal tn
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the distance between transmitter and receiver so that a
noticeable deviation of the measured value from the theoretical
value of a dipole in an unbounded medium was to be expected
according to (7).

As in the case of Konrad I, the directivity patterns could be
plotted for several distances for both mines. Different from
the measurements in Xonrsd I, the curves here show a clear
minimum (see Tables XxI - YIII, column Ue)° The effect ¢f the
bounds of the ore plate is very small, because the electrical
properties of the two media differed but slightly. The
graphical representation of the measurements is given in
Figs., 1,16; 1,18: 1,19 the balanced values ﬁe being plotted

radially in linear scale.
Oranje Vassau mine in feerlen., folland

"Nassau III" nffered us the only possibility of measuring in

a coal mine. Owing to the way the coal is deposited there, we
had to measure in the direction of a seam approximately 2 m
thick. The management of the mine had ordered that timber-
propped palleries were driven into the rock so that there was

no iron in the iwmediate neighborhood of transmitter and
receiver. The two receiving sites were placed at a distance of
300 and 500 m from the transmitter. The transmitter antenna

had an angle of = 0% and ~= 90° with respect to the receiving
point. e were surprised to find that our conductivity measure-
ments with direct current showed the coal tc be of poor conduc-
tivity., whereas the rock atove and below it is highly conductive.
The next chapter will give the values of d-c measurements which

skow a great aifferencc betreen ~nal and dead rock. Hence,
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propagation in this case took place along a thin layer of poor

conductivity, bounded by two media of high conductivity.

A geometrical arrangemert of this type whicn in principle is
found in everv coal mine, seems to be suitable for the
propagation of VLF waves according to the results of the
measurements., We have therefore planned theoretical calcula-
tions for studying the propagation in a "sandwich".
Unfortunately, these problens cculd nct be sufficiently
studied on the spot, but ihe fcllowing factors seem to be of
special importance for the propagation elong a coal seam:

(1) Thickness of the secam 23 compared to the total
distance between the transmitter and receiver. The conduc-
tivities of the different rock layers are assumed to play a
decisive part, since the wave lengiih in the medium is more
reduced at higher conductivity. The ratio between wave length
and dimensions will also be cCecisive.

(2) The measuremenis sugges® that the antenna alignment
with respect to the coal seam and to the transmitter - receiver
direction is important. This means that optimum propagation
is reached in a given direction for a certain angle & which

must be other than 0° or 90°¢,

Some meszsurements have shown thet damping in the adjacent rock
is extremely high so that sifmnals above grecuind are practically
screened off atdepths of no more than 250 m,

The measured values of field strength for distances of 225,

75, and 500 m are given in Tahle YTV and Fi

g, 1,20, By reneating

A}

z
/
the measuremer.t at 1+~ = 0% ans -3 = 930, the value 0,22 was

determined f~r the function p{r,A) lefined in [8]. This
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; - -1 -1
corresponds tc an average coaductivity of o = 10 5 Ohm m

at a frequency of 3 kc/sec. Considering the highly heterogeneous
medium, this value is to be looked upon as a pure mean value.
This can also be seen from the values of d-c measurements

determined at several limited points.
1,9 St. Gertraudi mine

Besides our measurements in German mines, we also conducted
detailed studies in nearby Tyrolese mines. The geological
conditions are well known (as far as they influence the
propagaticn of VLF waves), and we therefore concentrated on
neasuring over very large distances.,

For this purpose, the 1 kw transmitter mentioned above was set
up. Being a mains-supplied instrument with a power consumption
of almost 3 kw when in full cperation, it had to be set up
permanently in the mine. The position of the laboratory was
chosen so that the distances accessible for measurements in the
St. Gertraudi mine are as large as possible. Fig. 1,21 shows
that the maximum distance is approximately 1.5 km. The region
is especially suitable, because it convains no rails or other
equipment.

The advantage of a powerful but stationary transmitter, however,
also entailed the drawback of the transm'tter antenna having to
be fixed in a system of galleries in order to utilize the whole
output power. The antenna thus cannot be rotated. The fixed
SAVIII transmitter antenna has been used for most of the measure-
ments in St. Gertraudi. The problems discussed in part III made

measurements over distances larger than 1500 m necessary. For
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this purpose, a number of measurements had to be made at ground
level, i,e, at zero depth., How far these measurements are
meaningful will also be discussed in chapter III.

Let us row discuss a measurement made at a frequency V = 3kc/sec
(as .n the last annual report). The range of distances was
approximately 100 m - 3.3 km (Fig. 1,21), the measurements on the
western drift being continued on the earth's surface from a
distance of 15 km onwards. The SAVIII fixed frame was used as
transmitter antenna. The accuracy of measurement was considerably
increased by repeating the meacurement and by using several
receiving antennas. The antennas FA IV, BA VI, and the calibra-
tion coil ESP described in [1] were used as receiving antennas.
The received voltage had to be reduced to the calibration coil

in order to make comparisons possible, because the three antennas
haeve different sensitivities. These values are given in

Table XV column ﬁe and vlotted in Fig. 3,1. When measuring with
the fixed frame, a correction of the 3'va1ues, i.e. reduction

of the measured values to the eangle v = 0° proved impossible and
the measured points plotted in Fig. 3,1 show certain deviations.
The present transmitter antenna, which cannot make full use of
the new amplifier, cannot be used for measuremerts over

distances greater than 4 ki, There are therefore plans to build
a much larger frame in the near future which will make possible
measurements over a distance at least three times as large

It will then be possitle to conduct transnission and reception
experiments betwecn the Schwaz and St. Gevrtraudi mines, which

are 10 km apart. Since the sensitivity of the receiving antenne
may alsc be improved (very promising experiments have already

been made), we may expect to reach nuch greater ilistances still.,
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The favorable position of the mines in the Tyrol, the maximum
distences between the individual mines being 10 km, proved very

advantageous.
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Determination of the electrical conductivity of rock

A four-electrode configuration (usually the Wenner configuration)
was used for determining the conductivity of various parts of
rock (mainly in mines). Only direct current was used for this
purpose, It was the purpose of this examination to determine
the conductivity of those regions in which the propagation of

VLF vaves was measured.
1. Theoretical considerations:

According to the analogy between an electrostatic field and
a steady electromagnetic field, a point electrode in a

homogeneous body with the conductivity o produces a potential

given by ¢ = in the receiving point P. If there is a

4nor

second electrode with the current { - I) in this medium, the

potential difference between the points S, and S, (Fig. 1,22)

1

is calculated as follows:

A,
Ano

1 1 1 1
A(P = U = k k = ( ----- - —
R1 R2 T, T,
or
Al
° = Zaw * ¥ (1)
. %
/ o~ \_\\ .- AN
,/ ~ - \\
~._ R
M 22 NE
o ~~ AN
/, -~ \\\
f.:'/ ~a w
By Fig. 1,22 P,

If the electrodes are not in a full space, but on the surface
of an urbounded homogeneous semigspace, equation (1) goes over

into




U - —L e k
2no
or I
= « k
o ppr (2)

If the electrodes 21 and Ez as well as the probes S1 and 82

are arranged alc g a straight line at the distance a ('enner

configuration), k becomes 1/a.
2. Measuring arrangement (Fig. 1,23 and Fig. V)

External circuit:

Two 6-v lead accumulators ccnnected in series feed a motor-
generator whose secondary circuit provides a smooth direct
voltage of 250 v. This voltage is aprlied tc the electrodes E1
and E2 via an ammeter having several ranges of measurement, If
the conductivity of the rock to be studied is high, the 12 v of
the accumuiators instead of the 25C v generator voltage can be

arplied to the electrodes via the instrument by means of =

change-over awitch.

Voltage measurement

The voltage U between the probes 31 and 82 has to be measurea
with a compensation circuit in order to eliminate the high
contact resistance (50 - 500 kohms) of the electrodes and rrobes.
A stabilizing circuit equipped with two transistors AC 125 and

a Zener diode OAZ 203 provides a constant voltape of 10 or 1 7
across a 50 kohms helical potent.ometer (type Spektrol 860).

Tre compensation voltage on the slider of the potentiometer ig
lead to the probe 82 via a 100 A zero indicator connected with a
transistorized d-c amplifier. Refcre the input of the amplifie~

there is a s:cond compersation circuit for compensating the
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contact voltage and polarization voltage of the probes with the
elentrode current being switched off. The 2 kohms potentiometer
with central tapping has a logarithmic characteristic so that

the small values occurring frequently can be adjusted accurately.

The amplification factor of the d-c amplifier is 20. Thus, a
value of 5'10-8 A can easily be read on the instrument. If en
extreme resistance of 1 Mohm is assumed between the probes, a
voltage change of ‘5-10-2 v is necessary to produce a sufficient
deflection of the zero instrument. ¥requently, however, an
accuracy in voltage measurcment of 5-10.3 v can be reached owing
to the use of a built-in key and owing to the frequently <mall

resis.ance between the probes.

3. Measuring accuracy:
If the quantities J, U, R2, Tys and T, have errors Bps By Bp

the error of o will be

VBT G e o

If the errors are substituted in (3) and if the measuring error

D

of the unit distance Be is substituted for the error L w! the

distance measured according to pr:nev;, we obtain

2 2.2 2
c_. .2 ¢ I 2 I 2 71 1 2 1
o U2 I U4 an e € r? g ? Rg >

The error for the Wenner configuration will thus be
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For the conducted measurements, the following maximum values are

to be substituted:

]

Y1 Yy
= = 0,02 = = 0,05 B, = 0,02 a 0,5

With these values, the relative error is 0.07. Thus, the
measurements in the most unfavoiable case will have an error

of Ti.
4., Measurements:

Electrodes and probes:
For electrodes as well as for probes, holes were made into the
rock by means of a spudding bit fed by an accumulator, which
filled with cotton wcol sosked in a salt solution. Then,
steel studs were driven into the cotton wool to fasten the
wires for the measuring device. Although this method of
contacting yields very low contact resistances, the production
of electrodes for a large number of measuring points would have
consumed too much time. Commercial bolt setting guns (Hiltz
DX 100) were used to set steel nails into the rock for the below
measurements. This, however, was only possible in small cracks
in the rock. Two suitable sites were chosen for installing two
Wenner configurations at a vertical distance of approximetely
10 em in order to study whether the results of the measurements
are affected by a possibie difference in conductivity in the

cracks filled with wet dust (Fig. 1,24).

a b c o
+ + + +
¥ - a R q -+ a +
A D
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The studs a, b, ¢, and @ were placed into cracks, whereas the
studs A, B, C, and D were set into solid rock, their combination
being varied during the measurement. The effect of the cracks
carrying the electrodes was assumed to be negligible, as the
deviation from the mean value is < 3%.

The first measurement was made to determine the conductivity over
a large distance by means of the four-electrode method. For this
purpose, the configuration was chosen such that it seemed
justified that the expression for the full space should be
applied. A map is given in Fig. 1,25.

Measurements were conducted with probes on the ceiling and on

the walls of the gallery. The electrodes were made different,
measurements on these electrodes were repeated several times
after periods of some weeks, as the water level in the gaps of
this mine changes considerably. The below mean value of 32
measurements was obtained for the apparent specific conductivity
on this measuring line.

4

o, = 1.62+10"" mho/m

the deviation from this mean value being <8%. It has still

to be found out (by changing the distances of the configuration)
whether this value represents the actual d-c conductivity, TFor
this purpose, similar measurements over smaller distances were
also made.,

First, studies were necessary to find out whether the measuring
results are affected by g difference in conductivity of the
often thick and damp layer of dust and the rock below. For this
purpose, the theory of the stratified medium with a simplifica-

tion for only one layer was used. The results are shown in Fig, 1.26.
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The symbols have the following meaning:

k = 0-010 u ..g-- v 32-8-
o+ o, ’ T h? p

p = resistivity of covering layer

Py = resistivity of bottom

Pg = apparent resistivity measured y

% »m was used as the smallest value of a. Studs mounted tc a
pertinax rod and pressed toward the rock by springs were used
as electrodes and probes. Fig. 1,27 gives the result of one
measurement, The ordinate, however, gives Py instead of v and
the abscissa gives a instead of u.

Hence, & thin surface layer actually has a higher conductivity,
which is ineffective already at a = 0.30 m. Ve only conducted
measurements with larger a.

The neighborhood of the electrodes 52 and E2 was studied in
detail, Fig. 1,28 shows a diagram uf the used electrodes.
Various combinations of the electrodes were used as four-electrode
configurations, and the corresponding apparent conductivity was

determined. Table XVI shows the results:

These values differ considesabiy f{rom eachk other, the smallest

value being 0.74°10™%

mho/m and the largest value ieing
3.00'10"4 mho/m. The derived error of measurement was checked
by repeated measurements showing the results to be well
reprod-i:ible. For equsl electrodes, however, the values on the
whole increase if the probes are placed subsequently at rG., FH;
and HI. Owing to this regularity, the apparent conductivity is
agssumed to have different values for two reasons:

(1) There are differences in the actual specific conduc-

tivity of the rock.
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(2) The differences cre due to the effect of the gallery .
which with a cross section of approximately 2 m by 2mis equally

large as the distances of the used configuration.

Some other measurements prove the two conclusions to te correct.
Four holes at a distance of two meters each (depth 2 m) were
drilled into the wall of a larger mine. The Wenner configuration
was used for determining oy at different distances of the
electrodes and probes from the surface. If O is =jways calculated
with the expression of 8 semispace regardless of the depth, it has
to increase with the depth provided the rock is homogeneous. The
result (given in Table XVII), however, at this point is
ii:dependent of the depth, i.e., the actual conductivity increases
with the depth. This is confirmed by a measurement in which
Vienner configurations above this point were shifted, with the
distance a being constant (a = 0.5, 1, 1.5, 2, and 2.5 m)., The
expected increase in o, with a is shown in Fig. 1,29. Every
value is plotted in the diagram at the point M which is the
center of the configuration. Hence, the conductivity o changes
irreguvlarly within the above limits already at small distances,
vertical to the configuration as well as along it. Similar

results were found also at other measuring sites.

The measurement below shows that the efiect of the gallery cannot
always be neglected. Each of the two side walls of a gallery

wag provided with a Wenner configuration having a = 1.5 m. The

gsite wes chosen such thi.t o, ¥%as the same on either side (Fig. 1,30

The value obtained for o, is different, if the probes and

electrodes are placed at different 3ices of the galliery.

Teohlo YVUTITT abaera ~wn oxvarnlio € menenyamesrt 211 walsiae Fadime
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calculated from the expression (1).

4 - — n . +4
a b c d
a' b! c! a'
-4 R S —— e e fimee o
Fig., 1,30

The ans.logous values for a = 5 m coincide much better. Because
of the inhomogeneity of rock, this measurement was conducted for
several points by shifting the configuration alweys by 5 m.

Fig. 1,31 shows the result. The difference in the deviation of
the corresponding points of measurement is probably due to an
asymmetry in homogeneity witn respect to the gallery. The
values measured at the same site with a = 10 m are in sufficient
agreement with allowance for the error limits plotted in one of
the curves (Fig. 1,32). This is assumed to show that, under

the given conditions, the effect of the space of the gallery
from this a~-value onward can be neglected and that the
expression (1) yields the correct values for the conductivity

in homogeneous rock. In order to get a better idea of the
restrictions that are to be observed for determining the
conductivity in mines by the Yenner configuration it is
desirable, that a general relation among the three parameters
cross section of the galleries, a and o be derived. This is

planned to be done in the continuation of this study.

After measuring in various parts of the mine with allowance for

the above experience, we may now say that the d-c conductivity

Joomeee=
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changes within the values 0.5.10 ' and 3.0010"4 mho/m given above,

the homogeneous ranges being but smnall,

5« Furthermore, the results of measurements in German and Dutch
mines which we visited in summer 1963, shall be summarized.

(') Salzgitter, mine Konrad

A highly homogeneous ore body whose conductivity is

5.1-10-1 mho/m. At the edge of this body where it is mixed
with dead rock, the conductivity decreases %o 1,2.107] mho/n,

in dead rock (in the 1200 m gallery) to 3.0+10" > mho/m.

(2) Hannover, potash mine Hansa III-Empelde
Measurements with the available device were impossible becaurec
of the high resistivity. In asny case, the conductivity is

smaller than 11072 mho/m.

(3) siegerland, ore mines Fuesseberg and Willroth
The ore of both mines is highly inhomogeneous and mixed with
dead rock. The results in ore and also in dead rock lie between

2.1074 mho/m and 84107 mho/m.

(4) Heerlen, coal mine Oranje ~ Nassau III
Coal showed a clear difference between the results in the
direction of the seam and those vertical to the seam.
Result: in direction of the seam o = 8.,0+10™° mho/m

vertical to the seam o = 1.‘5-10'"7 mho /m
The possibility of measuring in dead rock was restricted because
of the iron props; the few measured values lie between 5.3-10"3

and 1.1-10'2 mho/m.
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6. Specimen measurements, frequency dependence:

So far, the frequency dependence has only been measured for
specimens. TFor making the specimens, a cylinder with a

diameter of 5 cm was bored out of a larger piece of rock (Fig. VI)
and was then cut into disks 0.2 - 1.0 cm thick with a stone

saw (Fig. VII). The loss factor and the capacitance of the
samples were measured in a measuring capacitor (Fig. VIII) built
for this purpose by a capacitance bridge (General Radio,

type 716 -~ C) under different conditions. From these values,

c and £ were calculated. The humidity and the perosity of the
specimens viere determined from the difference in weight before

and after drying at 125°C for 24 hours.

In the present report we only want to discuss a few results in
brief, namely the values obtained for two specimens (D1 and D2)
from the St. Gertraudi mine, two ore specimens (S1 and 82) from
the Salzgitter ore mine, and two specim=ns (G1 and G2) from the
Willroth mine. The two specimens are always chosen from a large
number of specimens being nearly equal with respect to their
electrical properties. D1 and D2 consist of dolomite of low
porosity (pore volume approximately 0.12% of the total volume),
S1 and 82 are of oolitic¢ ore of much greater porosity (pore
volume approximately 149, and'G1 and*G2 are ore specimens mixed
with dead rock, whose porosity is sonewhat higher than that of

dolomite differing considerably in various specimens - in contrast

to the specimens D and S. The electrical properties wcre first

measured immediately after cutting the specimens, i.e. in a

largely natural state. The specimens were then dried and the

measurements were repeated. The third me2asurements were made
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with the specimens saturated in distilled water. The val z:s of

¢ and o are given in Table XIX and Figs. 1,33 «nd,”,34

The values for o are all several powers of ten smaller than
those measured with direct current in outcrops. Thus it seems
that boring and cutting the specimens changes their electrical
properties considerably, and hence that the frequency curves for
the conductivity measured for the specimens are completely
different from the d-c values measured in outcrops. On the
other hand, since the factor between the values at 100 cps and
10 kc/sec is two powers of ten at least, it seems necessary thet
the frequency dependence should also be measured at the outcrop.
For this purpose, a second transmitter was set up in the

St. Gertraudi mine lab (besides the Savage amplifier used for
propagation -experiments) which also had an output power of 1 kw
and was suitable as a voltage source. However, our work on the
measurement of the frequency dependence of conductivity in the
outcrop has not progressed far enough for the results to be

discussed in the present report.
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TABLE I

Caleuiation of the funcilon

n(z,d,8) - E2(0e) {4"%“9 (L + 24 26%) + sin®d (5 v o 22,
r

2 2 3
r r
2 .2 %
+ gﬁ" +-§§L + 4C>2)Bz-
wd‘—ﬁ
£5=lt9213_
2
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R — , i :
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TR I -1
107( n ) 10 2410 5410 1
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50 12.26.10_, 2.15.10 ; 2,00.10_, 1 1.65.10_, 1.36.10_,
20 m,60 11.67.10_ h,78.10° 1.77.107, 1.76.10_, 1.6 .19,
90 1.27.1C7% .58.107 F14.65.107% 11.81.107% {1.7 .10
| O 1.52.10:2 9.25.10 -0 5.6.10‘?5 2.1.10 66 6.1 .10:2
130 |1.39.1077 }1.01.107 (5 17.20.107¢ §3.39.10 ¢ 1.51.10g
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| 70 {1.37.10_; 16.90.1075 1 7.75.10 4"} 3.32.10_ 4 3
l 200 m| 50 |1.64.1071 11.13.10_g | 1.30.1075 15.70.10_
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7 0 5.06.10';°:1~49,1o'}2 1.69.10717
50 11.27.107 [9.25.907;5 1.60.1073¢
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Table V Table VII

transmitter at PP107 measurement 1; transmitter PP9;
f=3KkHz; I =0.75 a; sAvI £ =3 kes T =3.5 a5 SAVI;
receiving antenna EAVI
. PP m 49- U, [u\[} PP m & Ue!;_ uﬂ
51 435  13° 1.5 8 67 46° 3500
64 538 420 1.3 7 140 259 200
99 630 400 141 6 213 150 55
10 420 520 1.3 5 285 59 27
52 290 150 1.5 5.1 262 00 26.5
93 240 0° 43 3.2 460 10° 4.5
100 627 69 1.0 2 535 100 2.8
103 300 109 1.5 2.1 520 0° 2.4
Table VI
transmitter at PP107: f = 3 kc; r = 240 m, receiver PP93
W} = 00 = 600
A T I ATy S S B A
o 4 4.10 270 2.0 1.92
30 %.6 3.54 300 1.4 1.11
60 1.9 2.05 330 0.4 0
90 0.3 0 0 1.0 1.11
120 2.1 2.05 30 1.9 1.92
150 3.6 3.54 60 2.3 2.22
330 3.6 3.54 240 2.2 2.22
300 2.0 2.95 210 1.7 1.92

270 0.3 0 340 0.4 0



Table VIII

measurement 1: transmitter S
f =3ke; I= 044 a, SAVI

1

PP m U [uv] _
1 35 52.7
603.1 80 16.5
4.1 130 10
4 135 9.2
Tabie IX

measurement 2:

Table X

measurement 2: transmitter S2
f =3ke; I=0.7a, SAVI

PP m 3° 7 [uv]
503 60 57 210
c 160 58 60
603.1 164 46 39
d 222 19 26
s, 156 22 42
125 28 60
4.1 81 37 130

transmitter 825 £ =3 ke; SAVI; I = 3.5 a;

receiving antennas BAIV and EAVI

PP m go U (BAVI) U_(BAIV) T_[uV)
1 170 43 S 30 6.05
11 119 42 i1 45 10.1
2 141 53 11 53 10.9
2.1 166 52 15 67 14.3
3,2 122 68 70 450 81
4 107 86 100 550 106
5 110 71 37 170 36
5.2 109 67 20 100 20.2
6 126 54 17 80 16.7
7.1 153 42 11 52 10.8
7 150 43 13 55 12.°
8 180 34 8 - 8
8.1 182 34 7 35 7.1
9 202 30 4.6 25 4.9



Table XI

g = 0° r = 262m T = 90°
¢° Ue va] ﬁe {“Vj 4’0 Ue [“ @ ﬁe;:“?.;
0 24 24 .1 265 18 17.8
330 21.5 20.8 240 16.5 16.1
300 14 12 210 11.5 10.4
270 0.5 0 175 0 0
240 10.5 12 180 3.3 1.55
210 10 12 300 14.2 14.6
180 24 24.1 330 7 7.52
30 20 20.8 0 3 1.55
60 11 12 30 1 10.4
90 0.5 0 60 16.5 16.1
120 14 12 90 17.5 17.6
150 21.5 20.8 150 6.4 7.52
Table XII
transmitter PPS1, r = 35 m, f = J3kc
= 0° F= 900
$° U (] T e U fw] T uv]
180 53 52.7 270 30 30
159 47 45.5 240 27 26
120 28 26.4 210 16 15
90 1 0 180 2 0
60 23.5 26.4 150 14 15
30 45 45.5 120 25 26
210 45 45.5 90 30 30
240 24 26.4
270 1 0

300 27 26.4



Table XIII

r = 130 m, transmitter .‘PPS1

$° U, [uv) U_{uv) ¢° U, (V] U, tuy]
210 10.5 10.15 270 10 10
180 9 8.8 240 8.6 8.65
150 4.3 5.07 210 5.0 5.0
120 0.2 0 180 0.8 0
99 4.8 5,07 150 4.6 5.0
240 8.8 8.8 120 8.4 8.65
270 5.0 5.07 90 9.6 10
300 0.2 0 300 8.6 8.65
Table XIV Table XV
transmitter: f = 3 kc, transwitier: f = 3kc, I = 25a, SAVIZI
I = 1a, SAVI " %o :Je [pvj + 10%
r F° v (V] 185 39 72.5
280 33 21.84
225 0 ! 280 21 9.3
22 90 0.5 475 30 494
375 0 0.5 580 30 2.74
515 20 27 €20 30 1.71
500 0 0.2 720 30 1.215
840 30 0.85%
840 30 0.77
960 30 0.545
10490 30 0.45
1106 28 0.445
1200 28 0.33
1270 27 0,344
1320 27 0.262
1856 23 0.348
W30 0 0.151
2000 27 0.088
2:00 24 0.107
3000 76 0.058

%200 4 0..0197



Sl aesen v e

Table XVI

electrodes  probes k J U o104 mho/m

F H C.4C5 1.60 0.25 2.17

F I 0.351 1.55 0.21 2.06

G I 0.1C5 1.55 0.06 2.16

G H 0.179 1.60 0.10 2.29

I H 0.074 1.45 0.05 1.71

¥ K G H 0.275 1.15 0.12 2.10
I 0.222 1.20 0.11 1.93

I H 0.073 1.25 0.032 1.65

G ¥ H I 0.0%43% 1.10 0.075% 0.74
D H F G 0.372 3.40 0.60 1.71
E I F G 0.253% 6.60 0.67 1.99
F H 0.356 6.70 0.86 2.21

G H 0.103% 6.60 0.18 3,00

B L F <G 0.232 - 3,50 0.32 2.02
F-H 0.350 3.70 0.44 2.3%5

F I 0.423 3.70 0,52 2.40

H I 0.073 3.60 0.06 2.62

G - I c.7a1 3.65 0.19 2.92

K = G Hq 0.214 2.60 0.20 2.21
G I 0.308 2.60 0.28 2.28

H I 04—094 2060 O 009’ 2;16

B 1 0.i62 2.40 0.14 2.21

G L H 1 0.210 2.60 0.29 1.50
B L ¥ 0.176 %.5 0.225 2.18
A 0.373% 3.40 0.43 2.35



Table XVII

Depth of
configuration 0 0.5 1.0 1.5 2.0
as-1o‘4 2.02  2.12  2.27 2,05  2.01
Table XVIII
Electrodes Probes k J U 6‘8-10-4
a -4 b-oc 0.667 1.62  0.321 2,68
al-d' bi-c' 0.667 6.15  1.245 2.62
2 - d blec! 0.349 1.62  0.050 9.03
al-d! b-c 0.349 6.15  0.192 8.87
Pable XIX
A. Dried specimens
1) D, (Fig. 1,33; D,I) D, (Fig. 1,33; D,I)
f{keps] £ £ &
10 4.11  9.25.1077 4.92 1.25-10"°
100 4.09  1.22.1077 4.68 1.42-1077
2) 5, (Fig. 1,34; 8,I) s, (Fig. 1,34; 5,I)
£ [keps] 2 £ G
0.1 23,7 8.4+10"7 50.0 9.70+1077
0.2 22.1 1.85-107%  49.7 2.16.1078
0.7 20.2 6.90.10"%  48.8 6.06.10"8
1 19.7 1.00.10"1  48.5 1.01.1071
2 18.7 1.87-10’7 48.0 2.60-1071
5 7.4 4.35-1071  46.3 9.-80-10‘1
7 7.0 5.56«10'7 45.6 i.50.10"
W 16.7 7.57-1071 44.7 2.34°1O'6
10¢ - 14.8 5.96.-10"%  38.1 3,332,102




Table XIX

B. Specimens saturated with distilled water

1) o D, (Fig. 1333; D, II), D, (Fig. 1,33; D,II)
flkcpsI—“““m“E“““‘*~-»r»-m«m._«mekm»_'_@ﬁ 2

0.1 30.0  3.45.107° 65.0 - 1.23+1077

0.2 28.4 5.15-10‘8 53.8 2.10:1077

0.5 25.2  1.51-1077 43.8 4.%8.107

0.7 24.0  2.15:1071 41.2 5.814107 1

1 22.6  3.06:107 . 38:5 . T7.99-1¢71

5 20.1 . 5.74-1071 33,0 1.47-107°

5 ° 16.9 . 1.45.10‘6 ; 2749 3.46-10'6

7T 15.8 . 2.02.10‘6 , 22.8 4.61-10'6

10 ° 14.4 - 2488,30-6 ' 19.4 6.28«10'6

100 7.2 1.71-1072 7.8 2.42:107°

2): . . 5, (Fig.‘1,§4;.S1II) 5, (Fig. 1,34; SZII)

f[kcps] £ & € P

1 92.5 <4.72:107% T ¢9.62.1070

2 60.6  5.53:107° 186.0 1.55.107°

5 ©37.9 6.37-10‘6 . 115.7 1.87~10‘5

1 34,0 6.65.107° 103.5 2.04+107

10 $1.0  7:75-107° 94.8 2.30.107°

. 100 23.4  1.85.107° 69.8 5,64+107°
3) - . 6y (Fig. 1,33) G, (Fig. 1,33)

) f\';;kc,psi,. B I_GJ ‘6‘[G1] ' € [Ggl 7 5’:{;(}2}

0.1 * 66,0 - 1.12.108 74.9 ~ 7.63.107®

0.2 - 65.4  2.26:107° 70.1 1.52.1071

0.5 ©  64.1 - 8.47-107% 62.3 4.12.10°7

1 €3.2 . 2.42.1071 56.7 8.9%.107"

2 61.8 - 8.06.1077 498.6 2.00. 1070

I 57.2  2.81.102° 35,3 5.024107°

10 5.9 T.04 1076 26.4 9ln841o‘6

20 45.7  1.53:1077 19.6 1.40.1077

50 35.7  3.54:107° 13.4 2.11.1075

100 29.2  7.04.1077 1.2 3.03.9072
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II. Theoretical part

2,1 Effect of quadrupole radiation

The following expression was obtained in [1] for the field

strength 1 of & quadrupole (p. 17, expressions (56) - (59)):
2

3
Hr(r,%Q = Bao(jcos%&—1) eprikEr) - EE + kE 3

+
r2 r3 r
i3 2 ]
ik 3k 6ik
3 si ; E E E_ 6
H.‘g(r,vs‘) =8, 35 sng'&exp(-lkEr) - " - rz + . + __r4

In order to examine what effect these terms have on the dipole

field, we take the square of the whole field
[0 + w2 - [#°12 + Q2
where Q is the corrective functiorn to be estimated, which

is calculated as follows:

2202 (2 + 82 + I8} @3+ 32)

-w

(3cos 2y | 1)
cosZab fl

NYyO N

2
a
Qf()‘ = "%ACOSQS 9'38‘ Q.i
m

B

)

02 __o Qcoszﬁ‘- 1 fi
B 1r

T n COS‘&

QI
gpl\)
]

Io

Q

O

w

o

p
=
e

\/‘

|

. 2 2 =2
The functions Qﬁ\, 13, Q 1p? L 1y Were numerically computed
-4

for £ = 3 Hc/sec and A = = 7.69+107%, 2.43+107°, ana

2-43'10-2 (see Table 7:*)
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Table 2,1
A 7.69.107% 2.43-1072 2.43+107° r(m]
02 0.20 0.20 0.20 10
ir
0.002 0.002 0.0039 100
2,2.1072 9.2:1072 2.6-107 1000
2
$¢5s 3,24 3,24 3.24 10
0.03 0.03 0.04 100
,2'.56.-10'6 2.25:1074 7.341077 1000
=2
Qu- 0.9 0.9 0.9 10
0.09 0.09 0.138 100
0.009 0.015 0.081 10C0
2
ﬁﬁ‘r -3.6 -3.6 -3.6 10
-0.36 "'0045 "1 0‘98 100
-0.12 -0.19 -1.73 1000
Substitution of the values for r = 100 m, o = 5-10'4imhos/m]
and f = 3 kc/sec yields
2 D
Q% = 037]H°2  d =00
@2 - o0.008|E’1?2 3= 900

under the arbitrary assumption that ao/m

= 1;.

Owing to this result, the quadrupole terms are assumed to be

negligible frcu a distance of 100 m onward, since the assumption

a',n'/m =

quadrupcle

1T certainly describes the meximum effect of the
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2,2 Effect of cavity

In our last annual report 1], the effect of the cavity in

the form of an influencing secondary field in the surrounding
medium has been dealt with, This theory which in the considered
parameter range yields no measurable effect, was examined
critically and the result has again been confirmed. e now

want to give a br - ° suovey of these detailed considerations:

From the sol .:n of the wave equation
27> -
k A1 + AAd = 0

we obtained

exp(~ik.r) sink.r
- -1 — 1 S
A, = (Ao, = + B KT ) cos
exp(-ik..r)
1T
AIIr = C - COS‘&
exp(-iklr) sink r .
Ary = -(Ao — + B— ) sin+
kIr
exp(—ikIIr)
A = sin
II- T

where—kI = wave number of She medium in the cavity and

kII = wave number of the surrounding medium. The conditions

of continuity are used to eliminate B. For C andr.f\o an equation
is obtained which gives the effect of the cavity in the form

of the change in C with respect to A. From [1] (p. 19), we

obtain
- B - k. . = Z
E = 31n(kIro)/kIro cos(klro) k T, x K1

yielding
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fFar - (x &in x)/(ein x/x - cos x) =

53 - Ei + 2
S 31 = *°° JXx_- 3t _ 3
T ST RIS SRR S
3! 5! (XX} 2! 4! a4

which is valid to kIr°<f2'10'1. Thus, we obtain

A exp(-ik.r )(k - 3ikr_ - 3) = Cexp(-ikIIr'o)(kII o- 3k T -3)

Since k,r <1, kIIrO<§1, quadratic terms are negligibly small

with respect to unity (at an accuracy of 1?). Hence,

1 4 ik.r + ... i(ker -~ ko)r
I"0 II 1’7o
e = A(" B )(1 + 1! + s ) =

1+ ikIIro + 000

2 2 2

k r - kk r + LI
= A (1 + Il o I IIP )
1 + lkIIro + e

Only terms of the second order yield a correcting contribution.
for k;r €107 and ko_r €107, i.e. <100 ke/sec and
r <300 m this correction is smaller than 19 and thus far below

the reachable accuracy of measurement.

2,35 Maximum moment of magnetic antennas

As the strength of the excitation of electromagnetic waves in
any point r is proportional to the antenna moment, we studied
what maximum change can be reached by filling the antenna coil

with an iron core or a similar material of high permeability.
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From the well-known relation

n
m
1+ {(p-1)N O

m =

v In

where N is the demagnetizing factor and m, = i

moment of the unfilled antenna, it follows by a limiting

is the

process
mo
iimm= -—
RL=00 N

i.e. that no more than the 1/N-fold of m  can be reached by
increasing the permeability. As m depends on I as well as on
the geometrical dimensions of the coil, every coil filled with
material can be replaced by an air antenna with the same
moment, if the dimensions and number of turns are chosen

adeauately.

Sub-scale tests

The possibility of sub-scale tests in the laboratory was taken
into consideration as the theory studied so far requires certain
conditions as to the geometry of the range of measurement and its
physical properties (e.g. unbounded space, homcgeneity, etc)
which are difficult to fulfill in practice. In our case,
however, such experiments proved impossible mainly because of

the required high conductivity of the model and its frequency

dependence. A survey of the references in this connection has

-

-2

e @
5

aoan oivan in MN 1
o N AR bﬂ- Y WAk XYY P o] 1

-
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Determination of rock conductivity from VLF-propagation

measurements

In the propagation of VLF waves the conductivity of the earth
plays an important role for the attenuation of these waves.
The conductivity was determined by extensive calculations for

a large range of all variables (conductivity o 1(j‘4 - 5,ﬂy7q-1m-1

i

frequency V 1 ¢ps - 100 keps

distance r = 100 - 20 GO0 m)

The formulas used were derived with the aid of a Hertz potential
for a dipole in the Aissipative medium. (Exact derivatiosn see {1])
e . 1/2
0 0
erd 12 | 1 2\ 3~ B®

T )

6= (.0 = 2nVe0

For purposes of clarity some of the values calculated are

compiled in Fig. 2,1. The conductivity of the medium is to be
concluded from the value of the atiznuation. 1In order to separate
two values of g, the corresponding value of B must have a
difference of at least 57 because of the AJE% measurement
inaccuracy. Only thus approximately safe conductivity values

can be obtained. Fig. 2,1 shows that only at r> 1000 m a
differentiation of the field strength received can be expected.

At a frequency of 1000 cps, only from ~10 000 m upwards a

conductivity up to ~5o10"7 can be determined from the attenuation.

At higher conductivities, approximately from 10-5 upwards,
measurements givé reasonable results already at 5000 m. At

500 cps, however, and o = 10-4 a measurement is expedient only
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at a distance of 20000m, i.e. a difference of 57 is observed
with respect to neighboring values of about 3*10-4 and 5-10“5.
For o = 5-10"7 a distance of 20 km is necessary. Table 2,2
shows the minimum measurement distances for o for the ;rdinary
frequencies on tne assumption that a change of the conductivity
by a factor of 3 results in a change in B by about 5. At a

given measurement inaccuracy of 5 this will probably lead to

& reagsonable determinability of the o.

Table 2,2
frequency minimum distarce for
v g = 1077 o= 1074 g = 107° 6=5.10"1
500 cps 150C m 2000 m 10 000 m 20 km
1000 cps 1200 m 1500 m 5 000 m 10 km
3000 cps 800 m 1000 m 3 000 m 8 km
10keps 300 m 500 - 1 500 m 5000 m
100 kcps 100 m 150 m 500 m 1500 m

The measurements have hitherto been made [1] at distances below
1000 m (in exceptional cases up to 1300 m) at 3000 cps. Since
4

the conductivity is very likely below 10 ' no definite
conductivity can be expected from these measurements according
to Table 2,2. To confirm this theory various measurement

series from {1] with widely differing ¢ are interpreted.

In order to compare the theoretical values (f(r,a)) with the

experimental results (B) the mean value of #he C(a) is

calculated for different o (different o) from
C(a)£(ra) = B(r)

for constant a and the corresponding curves are compared.




IT - 8

This comparison is limited, however, to the slope of the curves.

No -absolute comparison was made. The relative deviatiocn of the

C{a) from the mean value C(a) is the measure for the goodness

of the approximation. For measurement values B see [1]

Table 2,3

Measurement Gertraudi

o 10~6 1072 5,102 10~4 g-10~% 8

+10

Ae/T 0.7 0.25 1.2 > 4 >4 0.7

Measurement Gertraudi

o 10~6 10~ 510" 1074

Ac/c 0.5 0.5 0.5 0.5

Measurement Lafatsch

s 1077 1070 1077 1074 g-10"%
Ac/C 0.6 0.8 0.7 0.6 >3
Measurement Schwaz

o 810”10 4070 107 1074 g.10"4
Ac/C 0.8 1.1 1.0 >3.5 >4

-10

This clearly indicates that the conductivity cannot be determined

4

from these measurements. High conductivities above 10~
excluded definitely which is in agreement with the data in

Table 2,1

ffagt of th

(for exact theory see {1!) For a conducting medium the wave-

number becomes complex k3 = k1 - ikz. With the measurements

hitherto made a conductivity of <75'10-532'1nf1 is likely.

can be
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Table 2,4 gives a survey on the error arising due to the

neglection of the displacement current, at o = 10-5.

Table 2,4

minimum difference between difference in
frequency distance k3 and k, ;k, B and f
5 kcps 2 km 19 <1 ¢
10 keps 1.5 km 2. 1%
5% keps 1 km 5 9. 2.59"
100 keps 500 m 20 % 10 ¢

k1 and k2 give the exact values of the wave number with
displacement current, for k3 the displacement current was
neglected. Since also the measurement distance enters the
error, the error becomes larger for smaller ¢ and correspondingly
smaller for higher conductivities because the measurement
distances required become larger or smaller.

Since the measurement inaccuracy is at about 5% it is
justified ~ because of the very short measurement distances
available - to make the measurements at 10 to 50 keps above
1300 m without taking account of the displacement current in
order to be able to determine the order of magnitude of the

conductivity.
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Horizontal magnetic dipole at the depth h under the earth!s sur-
face ~ Calculation of the radiation field by the integral

method

1) The radiation field of electric and magnetic dipoles in
vertical and horizontal position on the earth's surface and an
expansion of the field strengths in powers of the numerical
distance was given by Sommerfeld [9] [10]. In a similar manner,
O0tt [11] calculated the Hertzian vector T of a vertical electric
dipole located in a non-conducting but optically denser medium.
By a proper path of integration he succeeded in separating the
excitation into & main wave and & secondary wave called

flanking wave.

In the present paper, Ott's method is used to calculate the
radiation field of a horizontal magnetic dipole within conducting
earth under a plane earth's surface. Ott's separation into main

and sesondary waves was shown to be feasible.

2) The vector and the boundary conditions:

iz A horizontal magnetic dipole
air i Fig. 2,a be at the deptg h under the
i . .
__?_%\ interface earth-air. The
b i \\\\ electric properties of the
¥ % ‘Ek;ﬁ - Y earth are characterized by
e&rthbg | \\&; the conductivity o, the di-
1 T~ \“\ electric constant e, the
SN . permeability p = n_ and the
v+£

wavenumber kE.

Let the conductivity of air be zero, its wavenumber k = w/c.
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the following is to hold:

k = kgn In|<1

For a time dependence exp[-iwt)

£ - 1 —
2 5 - Kk 2 WE
kp =5 [8 +1—) == n° = —
c (o] n £  + 55
w e

w angular velocity, c light velocity, ¢, = 8.859-1O°12{A5/Vm]

kE and n are mostly used in the fcllowing form:
ie -i
kg = kgl e n=[n|e*?

The electric and magnetic fields are obtained from a two-
component Hertzian vectox'ﬁ’= (Hx, 0, Wz) (cf. Sommerfeld [9]).
By suppressing a optional constant and the time dependence here

and in the following:

T - Ko d aiv 1, >0
HE = E'E + gra iv ﬁE 2
' = kzﬁ+ grad div? z<0

At the interface z = 0, T must satisfy the following four

conditions:

- 2 Ex X

TiEx = 1 ﬁx dz 0z (1)
- 1 BHEX 6ﬂx anz a“Ez

T’Ez z ax ox dz 02

3) The x-component of the excitation:

“Ex is composed of a primary excitation ﬁg and the reflected wave

Hg. No primary excitation is assumed to exist in the air. Thus,

“x is equal to the refracted wave ﬁg




ry 2, © 68 a supeinosition of pleane waves in integral form:
iy (7 in- 1 9

ZE 1y 1kE(r sin- cos(@'~-p) + (z+h) cos )

og 4. © sin"}d Sde! (2)

in the exponent, the plus sigm holds for z >h, the minuz ciz

for z< . The integration with respect to ¢' is carried out from
0 to 2m, The integration with respect to 3, is conducted alongz
the curve C' in the complex k-'--p.'l.e.ne (Fig. 2,t). Likewise, the
reflected and the xefracted wave can be represented in

integralform:

. s - sy - —o) - j}'
iEE !fe"kELr sin Jdcos(¢'-¢) + (2 h1) cos* |

o=~ £($)sin *d Hdo!
r w4 {2\
. {2
by i¥ {7 sin}, ceale'-0) - (z-hy)eos Val Y
(Ehreai g( ¥)sin B a T-av’
> T 4

The amplitude functions £(*) and g(1}) are determined from the

bouadary conditions (1)

2 \ 2 :
f(ﬁ) -1 +n S(ﬁ\ g(&) = 75 ~ cosé9 2 1/2
n“cos ¥+ (n° - sin“%)

2°00n it - (n2 - sinz5)1/2

!) r
ncosir + (r.2 - sin73)1/&

]

f(ﬁ)

Tor this we fina

k.4 cosv = =k

< q - Y P
2 Ehl cog1’ = an cos

2

and the law of refrection

TR s L
kE31n1 I sin o

Integration in (2) and (3) wiih respect to ' gives the Bess2l
function Jo(kEr ginY) under the integral sign. Finally, the

-
followingy is obtained for the x--component of W using the relatiors

1 /.1 ol 2, N
J, =% (Lo +70)  ard HO(—L) = H_(x)

21 T &
_ . J.I\B.ll ikE ;l 1 ‘
N == + H (k.r ~ind) e
+E R o . 9 E
C

ikE(z+h)cos3 o
' £(#)sinta > (4)
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ot !
lkE 4 i -ik
My = —= HD(kEr sin*) e
C
The curve C is shown in Fig. 2,b.

Ez(nz—sinzﬁx)1/2+ ikph cos % |
g(8)sinzd “(4)

! . R, L'%

\
_::9__{_?-1'3] A v;/ 1
' \\~‘." '?
x 3
PSSV R UOEDURURIS REAS VIR - __,_l..d
a xfwnw -1, it
f\, .
/’ lt. A 1
\
/ \

— e e
-—
@ - = =

N N
L=4+L  Pmig. 2,b

4) The z-compenent of the excitation:

Here, ﬁzE also has no primary excitation. The boundary

conditions demand a slightly modified formulation (cf. Sommer-

feld [97)
ik f ik, (z+h)cos
- ——E- _a-— 1 3 E . e yn '}
Mg = cOSP i H (kpr sin®)e s(H)sin ()
C
ikg 4 [ ) -ikEz(n2~sin23)1/2+ikEh co§f5‘Q
M, = cose a7 é Ho(kErsinuﬁe s(¥) sin 7d v

2 cos i(n® - 1)
kE[n20033*+ (n® - sin23)1/2][cos{3+ (n®- sinzﬁ)1/2]

s(3) =

5) Calculation of the integrals by the saddle-point method:

The root w = (n2- sin2691/2 is contained in the functions f(")

and s(?}). To obtain w as a uuique function, we choose the real
axis of the w-plane as branch cut and image it in the 3—plane.
Branching points appear in the periodic interval {-n,n] at sinch=ip

and sin(n~?) = +n (Fig. 2,b). The equation for the branch
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cut Im(w) = O reads

sin2=}1 sinh 2&2 - -2ln%lsin 2¢ = const.
It describes a curve through the branch point; its solid part
in Fig. 2,b renders the axis Im(w) = O and its dash-lined part
the axis Re(w) = 0. :

£(}) and g(3) have poles for cosr%) = -wp/nz, with the solution

sinf}p = _-_!-_(nz/‘l + n2)1/2
In the pole, the root has the forn v, = in?/(1 + n2)1/2' With
1+n =114+ nzle;iZP , reads v, = iinz/(1-+n2)1/2|e'i(2¢"u)
where 2¢ - p70. This shows that in the upper Riemann sheet

(Im(w) > 0) the negative sign avst be chosen for W Thus,

cosﬁb = cosﬁhcoshﬁ%-—i sinfﬂ sinhﬁ% =|1/(1-+n2)1/2leip

This gives
P,: 3,20 -

(@]

< €

(S TE

P,: \32<0 o..g31s

oA

in the upper sheet. In the lower shee’ (Im(w) <0), the

following is found analogously:

. AN _.-E(',
PB. 2)0 5§ ?1\<1t

. - “ ¢ I
P4. «&2>O n$11< 5

Besides it can be shown that the poles always lie between the rezl
exis and the curves given by sin 231 sinh 232 = const. (Pig. 2,b).
In the O point of the upper sheet wp has the form Wp:=ﬁn==il3|0“iw.
As in the upper sheet Im(w)> O, the negative sign is applied.
Thus, wp has a positive real and imaginary component before the
branch cut, the signs only changing beyond the cut.

In HEx we replace f£(3*) by -1 + nzg(ﬂ). The contribution of the

surmand -1 can be immedirtely found, and we obtain

Iy - k3 '
~ eLLER plkER
“EX = R . "‘“;T‘"" + 11
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ikEn2 ! ikE( z+h)cos

: Hl(kEr sin Pe g(:})sin*d >

'~
v

I1 = ”

To calculate I1 we lead @, the path of the integration, somewhat

out of zero and first replace Hl (kFrsimcf‘) by its assymptotic value

—— i(kErsimQ«- :’{-)

1 ey .
Ho(kEr sin ) "t, nkErsinJ‘i. ¢
The eligible exponent is now
i[kEr sin? + kE(z+h) cos v |
or, after introducing polar coordinates a, R' in the r,z-plane

r = R!'sina z+h = R'cos a

i[kgR' sina sin{ + kyR' cosa cos ¢ = ik_R! cos(a-Q)

E

The reel component of the exponent becomes <0 for

-1.—t q\ E Y’
-n+4+a<1.1<4+a 32>0

i
a<61<2

+ a 192 <0

Thepath of integration may run in the hatched part of Fig. 2,b.
Since ikER‘ sin (a-—ﬁ) = 0 for a =3‘, the saddle point lies on

the real axis. The falling line Im(cos(a-3)) = const. runs near
the real axis from the pass W= a under 135° toward _-i;(i[- - i) + a.
At a greater distance from the pass its gradient decviates from
the value ~1 but the pass road is no longer forcing there. Vhen
we transfer the path of integration into the falling line, the
branch cut disturbs us in the second quadrant for oc>cc°= arcsin n.

% 4+ im no direct path leads to the pass.

From the end point
Therefore, we must go round the branch cut and take the following
path for this purpose: i‘romg + 1o on the upper sheet to +iom,
from there along the branch cut to its origin V1 and on the

other side back to +ioo, from there on the lower sheet to the
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end point of the pass road - + o + i00 and from there over the

X
4
pass = o to the old end point g - i (Fig. 2,b, curve Cp).

As the integrand on the approaching paths vanishes at infinity
the integral I1 is split up into two parts Ii and Iq. I{ re-
presents the saddle value I{ the integral along the branch cut.

In I} we replace g(N) by the saddle value g(a), which is
permitted for « # g, and draw this factor out before the integral.

If we use the original value instead of the asymptotic one for

the Hankel function under the integral sign, we obtain:

0 .
ik n"g(a) ik (z+h)cosﬁ
I = —r - Z J Hl(kErsinf}‘) e sin yddh=
2 Cp ik R

2 e E
= n"g(a) =g

or, according to (4)

i i t
e:LkER elkER
- ————— !
UEX = % + £(a) T+ 1§
Analogously we obtain
eikER'
TTEz = cos¢ 37 [s(a) = Ié]

with a corresponding definition of IE.

Near o = g, rhere g(a) and s(o) disappear, the approximation
becomes useless. We must develop g(v) and s(13) in ¥ = o« and
take account of further terms. Confining ourselves to the

second order term we obtain

1kER'
2 in g" (o) -
I{ = [n g(a) - 2k R! J
=
ikER' 2
, &—~( v istle). e i .
I} = cosy ol (ele) - F47) =5

This is the separation iznto main and secondary waves as shown by

ott [111, I} and Ij are the corresponding quantities in our
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expressions, Marking the hitherto calculated integrals by th~

superscript M we obtain for the wmain wave in the earth:

ik.R ik R
o ?kE E

e -
gx = g+ fla) =g

; ik _R'
i a2 . -2 _ + [n%g(a) - inggnia)g‘ = Ly
Ex R R Lo g\x) 2ERY YT RY {
T
1R [ =3
-2 , $antla B !
- oo de Llote) - 53 ]

6) The ‘secondsTy wave Iy end Ij:

As on the branch cut (n2 = sin '3')?] = +7, where T is a real
: }
rumber, we bring Ig with the aid of this substitution equation

into the form

It{ =

fitggxgz , j 4, ,gf'é"‘“g ikffz-l-h}g?-n?i- 2
= | Ke(kEr nm -1 )e T
-
and for the integration we again pass over to the complex

teplane. Branch points lie at ¥ = #n and T = _4;3;:(1-2‘12}1,/“. f

we again choose the rezl avis of W, (nz- 1*2)1"/ 2, the equatior

for the branch cut reads

In2i sin2

P i s1n1le

5 + ..—...--.‘E_........
1

+ In°/(1 + n° )t/ 2] tl20-8) 4 o,

T

"

The poles are given by ("

- they lie in the second and fertl. guadrants of the Teplane and

do not disturb us when we transfer the path of integration
into the pass road.
With use of the acyrptoiic representation for the Hankel

function, the exponent in questisn becomes
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1*33'[81““(:12_ Y2 L cosa(1-nZs &)1 /2] -ty
ar(e) _ o JT - 0

dr {Lz - - s8in a)1/2
Thus, the saddle point in queetion lies at 7 = Q. The
expansion of f(r) in T = C rcads:
£1((7) = ikER'coe(n-;ﬁo‘}. - IquzeiB'rz + eas
ik R'ein(a~ ﬁo )

qQ = — gintt « =n
0
2:31111.90 cos19‘°

The equation for the pessrosd is

o v S———

. T, = (c 1-_'\!‘02 + 1)’71 c = ctgp
and its gradient neaer T = 0 is girven by
tgn = -tz $ p = argla]
1/8(1) = 1—/ [’r +—;n2:(‘1_ - n2 + ‘rz')1/ 2?}4, expanded in 't = 0, gives

1/8(t) = 1/m(0) - er/r!,(:e)z

where only the second term makes a contribution to IY. Thus,

20
we obtain .
, . ik, R'cos(a~$ )-iZ !
- ikyp V-2 E S RNEYE et o .
1 n?,(t_nz_)‘ | kTR »Je
and finelly —
) ik fnr+(z+h)4 1-n j
8 24-15" l 1 3/2 B
Ex k(n ~n’ ) ’1-+ga‘c{7ga '—r2
o, o3p - 28
Y = 7 + 3% - %
and analogously

8 2 HJ;:{:A‘: - i.}é*} 76»,,1?:‘ 1 I KL A2
o = cos@ S ——itb [ b
Ez k2(1-n2) 72 3r l1-tgx}°ctgg, 712
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Thus, the vector n is determined in the earth. "e should like
to mention, that, in agreemeént with 0tt [111, the secondary wave
disappears in the angular space a'<a° = arcsinn since the branch
cut in the fourth quadrant must be also avoided and thereby Ig
and Ig aré just eliminsted. Besides, this representation is
identical to that criginally given by Sommerfeld [9] {10]; if
kEsini3in (3) is replaced by A the expressions go over into the
Sommerfeld integrals. Integration, however, is different from
that in;Sommerfeld‘s paper and does not give rise to any residue
waves since the path of integration does not include the poles.

-~

7) The vector ¥ furs <0:

By meens of the transformation sintd = n-sinf we transform ﬂ; into

" ~ikz cos{ + ikthﬂénzsin?f

4 (&) (kr o1nf) e p(f)sinfaf

p(g) - 2:1rcds? 7
nzu—;:ﬁzsinzf + ncos?
Caiculated analogously to the former integrals and using the
nolar coordinates
r =R

o 9inp -« =1z =R -cosp

this gives for the antenns denth h = 0

. ikR o
r X - ( ) .{3; ——
’x Pip ,Ro
thb
M - ip*(g) e g
. (o] o
ikR
= 11 2 s v B o
"z = 0084 7= s(p) 7R6—)
ikR
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and for the secondary wave;

2 1/2 . ., -
nS _ kEn ( 2 \ elkERoL31na + cosp\]n -1]+ iv, (o)
x 2 ) 3
2(1-n%) kERoslnpfqzy / _
1/2 i ) 2. T\~
'ﬁs = c08¢Q n2+1 "?_r( 2 \ elkEROLEinB-COSB\n-1;|+1(Y2_2):
i 2. Or : 3/ ‘
2Yn<-1 L kpR sinplg,l )
IRFEE q =ikER°[sin5-_c_°_s.L]
2 4 2 2 2 = |
r = arg[qzl

The formulas (8) and (9) give mn for the case h = 0., For finite h,
this representation may be taken as a good approximation for the

following case:

kph \r1 -nzainz.é. < kRoéoé (j- =g)

or on the pass

(10)

. nR :
hg 2 l

V 1~ nzsinzp
As soon as this relation does not hold any longer, the above
integrals can be calculated in the same manner for finite h, while
the saddle point is shifted by & factor depending on h. Concerning
the range of validity for the representation by the saddle point
method we should compare the theoretical study in [12],according

to which the neglect in an integral of the form ‘fF(z)emf(z)dz

is of the order 1]&, which means in our case that the error becomes
of the ordcr }1/RERT{. The -expression for = can be cimplified if
we leave the hitherto observed generality and restrict ourselves

1., In the exponent of (7) the term €1-nzéin2f)1/2 can

ikph
be considered constant and the factor e Eh can be drawn out

to ,n,gm'

before the integral. That means that we have found a representa-
tion also for large h, for which relation (10) does not hold.
The expression for h = 0 has only to be multiplied by the

ikph
factor e = . Thus the effect of h is characterized by a phase
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shift and a damping.

Hence, .
. ikR
TR elkEhp(B) e
x R
0
ik h ThR
]TM - e P cos 2 [s(p) £ i
Z 1 dr - B Ro 2

and, analogously, the other formulas.

8) The field strengths:

Although the calculation of field strengths in the earth is a
little complicated it does not invelve very great difficulties
for numerical computation. Since in (6) the first term contains
R while the other terms are written in R', we transfer the center
of the coordinate system into the mirror point and calculate in
the spherical polar coordinates R', a, o.
Because R = R' - 3R'/dz = R' - 2h cosa

1/R = 1/R - 31/R'/3z = 1/R'(1 + 2h cosa/R')
we can write

ik, R ik R

B B ! -i2kEhcosa
e “/R=c¢e /R*(1 + 2hcosa/R')e

The functions f(a) and s(a) can be simplified for a >20° and
n<10"" 4o fla) = =1
s(a) = -2/kE ctga{cosa~-i sina) = 81(a)/kE

Thus, we obtain the components HR;'Hd; H¢ of the main wave-
after long intermediate calculations i. the following form,

where A is an antenna constant:

if(:kER"- wt) 6 gi'(:a~, h, kE):
H., = A cosy e EE: .
ne : A
i=1 R!
ik R'-wt) 2 f.(a,h,k.)
H = A cosp e E S A F (11)
o — 1
i=1 RY
. 1(kgR'-t) & by (a,h,kg)
H =-Asinyp e / —_—

Rrt

<
i
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a . 1
- 72 131(a) cosa (sina + o

=

"

e

L

fl

kg (i sina cosa 31(a) - sina)

(-2hk§cosu sina - ikg sina e-g)
.2

£ = iky Reosa

sina emg(-14h cosaikp + 2 - 4h2k§ cosza) +

.1 . .
2181(a) cosa (sina + sina + i cosa)

24 + 18h cosa)]

[sina o §(-24:11th2 cos
(sina e-§(48h2 cosza - 8ho cosBaikE)]
gsina e"E 4Oh3 cosx

ké[- i sin281(a) + cosa(e-§-1)]

[k cosa 8 (a) (cosa + i sina) + kEs1(a)sin2a1 +

e E[thg (coeza-sin2a) + ikg cosa ]

Le.§(4hikE cosza - cosa - 8k§,h2 cosa sinza - 6ikEh sinza) -

+ i cosa)
é-§ (4ikEh2 cos’« - 6h cosZa - Bkgh3 cos’a sin‘a +
6h sina - QOikEh2 cosa sinza)

e->§(24h2 cosza sinza - 24il§Eh3 cosza sinza - 12hzcos3a)

1k§ (e'fi- 1)

e'E (ZkS h cosa + ikp)

icosa

'§ (4h cosa ikp - - 1) - 31( «) sina

+ s8ina + icosa)
e-£'(4hzikE cos’a - 6h cosa)-

etg'(-Tth cosza)

—e~%'(e8h3rcos3a)
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The formulas for the earth's surface z = 0 are much simpler.
In a polar coordinate system r,Oy ¢ the origin of which is
on the surface perpendicular over the dipole, the following

holds for n2<1

ik h
A E .
2ik_e _dikx .

H_ = A cosp —= S ( -4k, 5 )
T k} r2 T r2
ik_h

D). B .
2ikZe ikr
Hy = A coso & < ( - 2ik + 5 ) (12)
'\? k4 I'2 r r2
ik h
2ikle © _ikr & o
H(P = A sineg k5 r2 (k *.-«-I—.- _.;5)

where the dependence on time has to be included yet.

The resalts for the secondary wave in the earth are as follows:

ikBR'cos(a-bo) )

iy
H,, = cose 2he’_ e (kz(sina - n cosa - 2n° sina) -
R " . E
R sin a -
2ikE(cosa f 4n sina) , 12
R'sina R'2 sinza =

ik R'cos(a—ﬁg)

iy B
H = cosp 248 & 5 7 [kg(cosa + n sina) +
¢ k R sina«
2iky sine 45 cosa N
e 2 . 2
R!' sina R' sin a -
e ikER1cos(a~f%) ) 24k n -
H = -sinp 228 & | W2 —2 4
? K R'? sina L F Rigine B2 sin’«




IT - 24

and on the earth's surface z = 0

ikgh+iy 23
2iAe kEueikI‘ - 2 K 2 2
) 12in
H, = cosy -1k“(1-2n) - =2
T k3 r2 r 1‘2
ikEh+iY 3
2ile Ko eikr T o 6k 2
Hg = cosp 7 5~ |-ik“n(2+n) + =2 (14)
' k r i
ikeh+iY 2
2iAe k ikr | 2 2
H = -ging 3 E e - -ik2 + 2kn + _A_ir21
M k r° L T r

Comparing (14) to (12) one can see that the 2ffect of the
secondary wave increases with increasing distance; from a certain
minimum distance on - for k°a10™? about 8+102 m - it will even
exceed the main wave., As the phase shift of the secondary wave

ik R'sin(a-3 )
+3q;-l25~ anda=arg[E =

_=x
Y =%

- 1 f

5 sinﬁ‘o cosﬁa ] follows for
ky = A (£ + 1), (displacement current neglected) for n< 10’1,
h=250mand r) 2.5.103 m B = arg [(1 - i)ﬁ}. Thus vy is

independent on r. With these restrictions the amplitude of

the field strengths at z = 0 is given by:

H_| 2 (7.3 3 2
lr‘ncoatp-‘}%e'Ah—% [%—-k2+-3— +-§2- +
A : k r- | 2A r |

(15)

i

=
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2,7 Calculaticn of the dipole field using the VLF approximation

The range of validity for field strength formulas based on the
saddle point method is somewhat restricted by the fact that

some parts of the calculating procedure rest on the assumption
of high dimensionless values kER' characterizing the distant
field of the dipole.

This makes it desirable to employ separate formulas for the range
between the remoter parts of the near field and a few wave-
lengths., BSuch & separation would make it possible on the one
hand to calculate the strength of the field at every distance
and on the other hand to compare the ranges of transition as
between the near field and the distant field, a comparison which
is of particular interest experimentally because the range of
the measuring transmitter is limited.

The starting point for these considerations is once again the
electrical vector potential =n which is related to the field

sﬁrength'ﬁ in the following way:

qg k2n + grad diwv n

1

R (1)

. >
~JRRE rot 7
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Assuming the same orientation of the dipole as in (2,7)
cr’ in {5-], =4 has two components L and L which can, in the
usual way, be reprysented as an integral through the eigen-
function Jn(kg)cexp + pzecos né

: . oo

= aEf e“(z‘h)Jo(xg) % dk+ffE(X)e-uEzJo(kq)dk

0 ‘ _ o

Earth space: = <E

® by
LI ng(x)e J, (Ag)dr-cose
0
o) "z
Air Space: n_ = ff (Me %3 (rg)ar
x0 e 0
0

)
Bz
0
o = jgo()\)e JT('Ag)dA'costp
o

It is more expedient to retain the Sommerfeld formulation,

integrating in the A field. Here
py = {22 - 8 o= Y%l ¢ 2 4y
ﬂE - E? L o o ! Q = X y ’

¢ = tan~! xfy, ap = 1 F/an

Y -
The conditions for the continmity of E -and H in the boundary
plane z = O enable the amplitude functions f and g to be

-determined -as
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2 2
A "PEP PEXo = BoKE
£ (A) = A . e 3
B PE n k2 + Pk
o E Evo
~ngh 2k§
£ (A) = A+X e (3)
o] k2 +u k2
L™ B B
-Bgh ki - x5 2
g (A) = g (A) = - A - 2% . <
° 2 p ko +u ke PrTFo
O E Eo

If the integrands in (2) are simplified by using what is
called the VLF approximation, the four integrsls in (2) can

be calculated exactly. By contrast with this, the method of
calculation explained in (2,6) or in [5] ‘although not
neglecting anything contained in the integrands does not

lead to closed solutions of the integrals., The approximation
consists in neglecting ki as against kg in the expressions (3),
which is permissible as long is the condition 5%— 1 is

0-

satisfied, the latter being almost identical with the condition

(Q:?eéi'>1 which has to be satisfied if the displacement
(o2

=50

current iz neglected (and which is valid if o/fw > 107 ).

The vector potential ?% in the earth space which is of sole
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interest here (the horizontal components of the field strength
on the earth's surface being calculable from E%) then works

out as fol.ows using the relationship jL-J = =\ cosyp * J1:

ax v
©
n - e j (e-uElz-hl ) e‘“E(z+h))£§ 1(ho)th
)
(4)
1 - (z+h)
" = ~aE-§; ! e PE uéix J (Ae)dA

The physical situation postulated by this mathematical
approximation is to be interpreted simply in the sense that
the equations (4) apply only to such fields as are eriginated
by conducted currents, which cannot of course exist in the
air space, The theory erected on the basis of the VLF

approximation is, therefore, a direct corollary from the

calkculations made in the second report f1]5 wherein the

displacement current was suppressed. Neglecting the displace-

he Tange over wnich the

-equations are valid, limiting their application to the distance

within which the conducted currents in the earth space are
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due mainly to the primary excitetion and not to the inductive
effect of the displacement currents in the air space, as

would be the case if k¥ R were large, i.e. in the distant vacuum
field. The resulting expressions for the field strength can,
therefore, be applied in the near field up to distances
corresponding to a few vacuum wavelengths (xo = 100 km at

f = 3 kH=z lBOOO cps}). They serve to complement the formulas
of the saddle point method in the short distance range.

The integrals (4) are referred back, by double integration

with regard to z, to the known main integrals

7 7

{ B

-u_B | BB

J e ¥ I (h)an or | B (he) -
(o] uE 0 p.E

which, by elementary calculation, work out as

. C 2
*-lkEf B + Q

e: SO ——— or ’ Iof('af)Ko (B)
WIBQ + 2
Y \

where B is any function of 2z, Io is & modified Bessel function,

k. ————
K_ is a modified Hankel function, a = —= (Y 3% +¢% - B),
: 2

ik —r——“*‘-—“
g = _E (i B2 +792 + B).

2

If, as on page II-10, the

distances
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n
R o~ x° 4 y2 + '(z-—h)2 and R'° = x° 4 y2 + (z+h)2

between the dipole and its mirror image are introduced, the
following expressions are obtained for ﬁé

-ik R ~-ik_R!

N R T
"Ex E R R!

+ 5’; Io(a)xo(a))

c a2 (e
"Bz T % 2 8xdz
E

and the following for the horizontal components Hx and Hy of

the magnetic strength:

- "‘. ' v - ]
H =a { %5 |& £ 7 ) + 2 . - = ' ¥
x = %) “E uE R /o ax® R R
- !
. a2 . ik R
+-—§ 2 R' +‘5—' o \a) K (B)
kE 8z
- - '7 - ' .“
; I az(eikER-elkLR RERL Py x<a>x<>
vy E axayL R R' ; 7‘ \ R B

The third derivation of Ioia3K663):for z, which is necessary
for calcutatingiﬁx and Hy, is arrived at by using the

recursion formulas




dIo(a)

da

dI1(a)

da

and appears as follows:

3

—5 I (a)K (p) =

az3

2

kg

4

_a

Q

calculation the following simple expression is found for the

ik
X,
2

Ko [ikE %% (1 - q%) + ;% (a@ - 1)° +

IT - 31

K ()
ap = “K1(5)

aK,(p) - & (p) - Ky(p)
ap ° :

2

2

2a

ikp (¢ - 1) (1 - a°) - ;?5 q (1 - qz)] +

1
pR'

+ = (q + 1)3] + LK [kg (1 -¢°) - 33% (a -1)° -

+ 1 K1‘.% kg (g + 1) (1= a®) + x5 (2 + 1) +

(6)

On inserting (6) into (5) and making a brief intermediate

horizontal component of Ebin the direction of the main
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radiation from the magnetic dipole:

-1,
e . 2
Hx|x=o = ap % (-1~ iM, + MJ) +
~iN,
e LIS R S S 2 NI N
— = ‘_-N1 + 48] = Ny + 61N, + 6~ 205(15+1510,-6N-1117)
N
1
A 3 4 oox¢
=5 [Tk, (31 - 15 ¢” + o°K7)
IK, 1N, (-1 + 3a - a° - 62° = (1 - 0)(3- 150%))
N,
IKy 4N, (=1 = 30-a% 460> - 5 (1-0)(3-150%))
N
1
2 N
with M, = kR, N, = kgR', q = (z + n)/R!

Apart from the VLF approximation nothing else is left out of
account in this equation for Hx' A glance at the expressions
included in brackets within the second and third summation groups
shows: that for h —> ® and for a finite R these expressions

tend to zero by reason of the e-power vanishing and owing to the
Hankel function, so that (7) transforms itself exactly into the

equation for the field strength of a magnetic dipole in a




I1 - 33

homogeneously dissipative medium. This result, as well as the
fact that the field strength decreases as the conductance
increases, is trivial as it can at once be inferred from the
initial equations. It is possible, therefore, to write (7)

in the form: Hx = Hx nom T Hx suppl

where Hx suppl represents the additional field attributable to
the influence of the earth-air interface behaving symmetrically
with regard to z and k: that is to say, independently ol whether
for instance the transmitter is 300 m and the receiver 50 m
below the earth's surface or conversely the receiver 300 m and

the transmitter 50 m below.

Obviously no such symmetry applies to H Simpiifications

x ges’
can be made in (7) if the distance of measurement notably
exceeds the height covered by the transmitter and receiver

(g =— 0) or if, on the contrary, the height covered notably

exceeds the distance of measurement (q — 1), These two limiting

[¢]
0
w
]
wr
A
[(d]
A
b‘

owever, nnly of theoretical interest, since only
the intermediate range is amenalhle to experinent.

Tor practical evaluation of the frrmila (7) it is best to divide
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Hx into a real and an imaginary part, as the apparatus available
at present allows only of measuring the amount and not the

phase angle. Since the arguments of the cylindrical functions
arising make an angle of 135° in the complex planes, I and K

can te expressed by the Kelvin functions ber, berﬁ, bei, bei1,
her,*her1, hei, hei1 whose argument is purely real: the
functions ber, bei have the argument uI = (4~q)R'k3/Vj§, and the
functions her, hei the argument-t ;. = (1+q)ﬁ’k3/dif, whaere 33 has
-\' 6]

the va,lue-k3 =\

~
0'3}

. # shoert intermediate calculation then leads
from (7) to the real and imaginary parts of Ex as follows:

A

-M .
RE \ o = 3 e (}38 cos M - 139 sin M) + (8)

+ A1 e, cos N+ C, sin N) + B A, + C (A -A) +

. -.\ "[
+ 35A7 + N(AB(B1+}32,) + A4(B2 n1) + AS ,33+B4) +
A =M : g

= —— e =B 8 M - an M

Ime[x=o 3 e " ( B9,ccs M - By sin M) o+

A [ 0 W) }
+ 3 z—e sz—cos N+ C, sin N) + BoAz,f 03(A7 A1) +

+ 35A8 + 1\:,(4&3:(131 - 32,);+A,45(1131 + 32,),+A5 ('TB}-,'B 4:)+A—6(’B 47+B3:)) |
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M = k3R
N = k3R'
q = b
R'
A, = - = (ber_hei +bei her ) A, = - % (bei hei -ber, her )
B 2 o o] o] 0 5 2 1 o] 1 o)
o I (bei hei - I 4
Ay = - 3 (belohelo ber her ) Ag = 3 (be11hero+ber1heio)
-_.E - 2 hed ) __lt_ 1A .
Ay = -3 (beroher1 bei hei, ) Ay = - 3 vel, her,+ber hei,)
__ = . : 0= ot s
A4 = -3 (berohe11+be10her1) hg = 3 (ber,]her1 bel1he11)

B, = 3a - 1507 B, = (1-0)(3-150%) /2
By = ~1-q2-(6q3-5q) By = -13q + 15q°

B, = (1+a)(3-159°)/20° Pg = =1

By = ~1-q°+(6q°-3q) By = 2 +

Cpo= =N+ 1+ 2 - 200 - 1292 - 15¢%/n

p = 2N = W - (3/0) = (3A°) - 2070 + (150%/i) + (1542/7)

<
1

2 3
C, = 2N
3 q
The result of the numerical calculation for nmo o= %% y é%

and. 3m can be seen from Table 2,5,
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Table 2,5
, ; T - 3 —
R= |10 1070 10 10°Y70| 10 i
o3 | 3.16-107% | 1.025:10"¢| 7.96-1078 | 2.3202.169 Lo=3m-10""
B e A0~ 3.1:1070 | 1.009:10°%] 7.78°1078 ] 3.335:10°9 |o0=2Z
x| x=01 * e > ’ 10

8

5.25:10"7 0= 3n

\10”3 3.14:1072 | 8.39:1077 | 7.76-10"

2,78 Another approach to the solution for a magnetic dipole

(2,6) and (2,7) gave expressions for the field strengths of
magnetic dipoles whose numerical evaluation is somewhat
difficult and can only be simplified by restrictions with
respect to the distance. Besides, in the expressions of (2,7),
rather complex Kelvin functions occur which are tabulated only
in a bounded region of arguments. In order to avoid this we
again turn to the integrgl method giving an exéression similar
to that which has been derived in a thesis of the Cornell
University [11]. In the latter case, however, the problem of
propagation in sea water is dealt with, where the parameters ¢
(relative dielectric constant) and o (conductivity) assume much
higher values. As w >¢ may be assumed to hold for the quantity
o

H o= *Z— in the VLF range, the approximation in the above
in 0

thesis can be shown to be valid also in this case. Furthermore,

the effect of the ionosphere ghall be discussed in the present

- - . —’ :, 2 - _
paper. ¥e dexrive the field sirenmgtihs E'&ﬁﬁlg'éﬁiléﬁt'& a8 in
ek ok -

2,6, Fig. 2,8) from a Hertzian vector « = (n_,0,=n )=
» 0y 1 x'77 g
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KR + grad div ¥

(1)

n

Wy )

N ->
-1w;morot 7

Let the time dependence be neglected and let it be exp(iwt).

T has %o satisfy the differential equation

2 - .
A‘n’+ 1&21? = 0 k2 = -—w ‘e- 19 ]
2 L we,

The condition of continuity of the tangential components of
= —
H and E make the following relations necessary for the

boundary surface z = 0:

a "Ex 8 nAx,

- = == 3 ~ium = W, 3 = ®, 3
az dz Ex Ax’ "Bz Az’
- -
dis n, = dis =
E A
’l;
PO Ionosphere
Air
- X .
AP ~
- s e e ma e v - — e s T ——— & . - -
; parth
i ) ~
i -;‘%‘ S — ~,
! ! Tl et
f -
Fig. 2,8

r =l x°+ y2 R =\I X2+ 3;27+ (z-h)2 RY = \] ;.2+ y2 + (z+h )"2

R

If a homogeneous, isotropic and infinitely high ionosphere with
a smooth boundsry at z = —h,1 is taken into account, the
equations (2) are to be supplemented by another four relations

at the point z = -h, (the sutceripts E. A, J refer to -arth,
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air, and icnosphere, respectively).

an Ax an

- Jx T =T
0z dz Az Jz
(3)
2 - -
kinAx = ijth div n, = div Ty

The conductivity of air was put zero and the relative -dielectric

constant of earth was neglected as compared to the quahtity

H = me We thus confine ourselves to a parameter region in
0-

‘which the 4displacement current may be neglected. Thus, the

following integrals required for calculating the field below

ground are odbtained by means of the well known integral

representation {97]. In the cese of earth-air:

® : _
-1 il R - 4 ] .
_ [e 1kR . 1kgR -UE(z#h)g _(1,)‘(7)‘1_),)‘ a
. ™x ~ ®&{"R "~ " wr °* TUg-1W0, !
L - i
(4)
©  -u_(z+h)
n, = (14ix)a.cose 2= ‘[ . : Ho('1)(Xr)kdx
Bz *HJ8p x| (T 50, ) (Ug=1nT,)
e o)
In the case of earth-air-ionosphere:
e -+ F o_fkR  -ikRY o (z+h) ]
_ S kE . B no(”(xr)m
"Bx T % L”‘R—, - RY UE-iuU ten(U,h, )
- (5)
© )
CD( -U (z+h) (1)
. ixcos R e ___Ho® “(xr)xdx
"Bz T %B ‘*’ ] (UE-luUA)(U,.+UA)(1-F(A))
. e
. ‘ 2 27U
1/2 2 “A 1
U = ()\ ) k = = F(*X) b 3 3 R
o i o™ 7, Tg#0, 20m,

s
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are valid,

H§1) means the Hankel function of the first kin? Re(Ug)> O is

assumed to guarantee the convergence of the integrals for

(Up)

z =-»®, and Re A'>O is assumed so that the factor U, + U

E A
in the denominator of Moy does not vanish in infinity of the
A-plane. A comparison of (4) with (5) shows that the two

representations differ by the factors in the denominator of

the integrals of m, and m, . Since, however, Uh, = h1(A2-k§)1/2
is real on the path of integration except for the interval

-k <A<+ k , and is a large rumber (h¢ﬁ7-104 m), except in

the somewhat expanded interval A = [- ve kg, V4 ko} (»< ko),

we may put tangh(UAh1) everywhere equal to unity by approximation.
Similrrly, we put F(A) in the denominator of Moy equal to zero.

This awproximation can be assumed for the distance region in
-ik R
L

which the primary excitation 2——5—— prevails, since the other

terms there only represent corrections, not so in the region

z/}<g1, where the first two terms in Tox cancel out and the

integral expression prevails. TFor an exact discussion, another
‘way has to be chosen for this region. bince, however, the

distance region at pnresent accersible for experimental reasure-

3

ments below ground does not exceédd 10 m, we certainly may

neglect the effect of the ionosphere there. Hence, we apply

expression {4) and conbtinue calculeting the integrsls U and Vi

@ -Up(z+h)

D r)e

T _ [s]
v o= j T, - B0,
)
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(e o)
T "e(=#0 )l e pran ©
2 I;l; (u +UA) (UE-iuUR)~ i
Sudbstituting
kon = UE ? - kor
A=k (7)
kM - T, B = k (z+h)
we obtain
o0 i
(e (4e)eay
U = k| o——
° J I - 1wl
-00
(e)

K, o ‘7 e M5 (4 e)iag

Vo= = .
2 (N+M) (N=1nM)

Eg
=00
The path of integration comprises all real values of { ranging

from = to +0. In the following calculations, however, it
will be more convenient to shift the integration path slightly
into the lower semi-plane at the point ¢ = -1 (Fig. 2,b).

Singular points ocour for

N - 1M «

Thus, branching points lie at ¢ = + &I-;_‘- (1-1) and ¢ = + 1.

T [T AP MO g TR PR 46 R g

Since the latter pair of points would lie on the real axis,

" {t is more convenient to write down

™ i UE N OU (L M

- 2 -a
2 A A vl N
t’k - c Fl {1 -1 oy ) = ko,(1 - ig)

o

. Y ] I
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the discussion of the branching points.

Then,

M e {2 e (1-18) = 0 = ¢ = 2 (1~ 15)

In the upper semi-plane the branching points lie as follows:

’T »
v, = §f§ (<1 + 1)

V, = =1+ ig/2

Starting from these points we draw sections along the curves
Re(M) = 0 and Re(N) = O to infinity. The equation ¥ - iw¥ = 0

gives the poles at

Fige 2,2

Thus, the pole P% 1ies in the imnediate neiphborhood of VZ:
Phis oonfirms the fact (frequently discussed in publications)
that the contribution of the pole to the value of the integral

cannot be separated from the total expression. Closing the
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path of integrastion in infinity of the upper semi-plane, the
branchipg gections teing avoided, we dnolude Vzéand P1 in the
same loop. " Since H§1)(¢9) for large ar;uments behaves
eimilarly es exp(i¢g)/(¢9)1/2, the contribution of the
branching section V1 may be nerslseted. 'hen integrating

along 02, we must consider that the expression N = (¢2 + iu)1/2
may be looked upon as being constant owing to the magnitude of

¥ in the region of the determinative {~values, Thus,

i oD e

U = = kj .
i ° ) 1 - Dt
2 (9)
V = gcHiln & [ H<(>1)(¢?)¢d¢ L B T
B I 2w %€
Cy

is obtained. The problem is thus reduced to the propagation
between two points of the earth's surface, z = 0. The factor

1/(1 - iwM) 8till obtained in the integral is thus expanded:

1 1 1 1 1 2
- = - r___ (1 4+ — + —— ) +o .0 )
TainM - \,-i—n- u( - 1 ) vin M yinM i M
“TuM

13

It remains to be shown that the expansion converges for all
¢=values lying cutside a certain circle around V2. The

convergence is guaranteed if

1
Hx u

it gt vttt

"/ - . ltri/1<_
1\1 y 1.e, if [REE ANl
2 ‘ Y%

/e show that this is the c«se already:outside a circle with

the radius il ’ V2 being its center:

X

= <1 4+14 g + % exp(iyp)




2 - S
O = {1 - ig) e T~ | (ig - 2) + =
| "o
‘ ]
T 1| i
l " - (1 - ig) = \‘{lg—2+§7_ >—1':
¢ ¥ ; * ‘1{

Thus,

1) .
| 1 (e eean ® \
;o 1-ymn £ "n (10
C, L n=n
2
. £ 1) (400
n i n+

is valid..
In the case n+1
the order (n +

zero., Hence,

car be written

in the case of

2k(k=1,2,%,...), the integrand has a pole of

1)/2 in ¢ = -1, if o is again put equal to

T i 2 +
in agt (o° - 1)
:-1‘
(1),
_ 2ni "o ( ¢
Tiu 2
(1
o 2ni ,H1!i<~?,
(in)? 4
down:,.

intexrel n, ws mar refer to a paper by Jomrer-

2c1d [97 according to vhich



[T D

N e e

LS
B g R A SRS N S 8y

v e .t o o ——

o e MRS AL RN U ST T E’.‘ B TSR T GO SR ¥ ] Rt o IR AN A 4y

L

n
-— -

"
.

II - 44
r——-—-—-‘-—
0 N2 2
Vo= a(—= )R [ d"f"'nf‘l. ~1\q + v
TR e VEE
co: S '

..i’e -1?
CIE= Yy - :- {1+ 1ip)
¢ Vik ¢ ) 4 Vi%5 3 e

- -iq & 9 .JL_
o ) * Ve - (1 +ip+ i)

‘12 - — s
V'i'u3 5V-177

This yields:

tk e _\ium
; o O | \ .
U = ? ‘e#’ 1-r~(---)+4(m‘)2 -3—(1+1;q) -
£ (10)° L) (- ¥
: (1 + ¢ + il '+:—m3,;_ 9 Qéie + (11)
~ 5(ax)? 5 \ix

srif (- g P
2 \in 7

for the first terms of V.

Confining curselves to Q~/f>(——<< 1 which is valid in & vide
distance region, the term in parenthesis may be put equal to

unity, yielding
iko.exP(f'fg.)‘ exp(-Vin HY i exp( ikor) exp( Ql"( k (Z“'h))

= - . —————— e ot ees

4 7S r o

7 The c:&cu%l:é—,t'foh ©of V has already been reduced to trat of U.

Hence;, , 7
=1 -exp(- rk (z+h)) exp(-l}' r)-
R | Coe {4 o Al ) (427
- hd - 2 \v ¥ - v A 0" ‘I \ 1] ),
r ,

2% iu k

12)

et . SRS i b - et . i oo oearen e e o o



II - 45

-

) {exp(«-ike}ﬂ e,xp.(--'i-kER"') i exp(-ikor) exp(- {ix k o (z+h))
a — - + -
E R

Bx R T u 1
(14)
. -aEiVEE exp(n‘ga)ko(z+h9 exp(-kor)
Th, = 28pikcoseV = — - n . — (1+ikor)

0

The first term in Moy denotes the direct wave, the second term
the wave reflected by the earth's surface. The third term as
well as the expression for TR, CAN be interpreted such that

part of the energy is transferred from the transmitter through
the medium, vertical to the earth's surface along which it
propagates above ground to the receiving station where it enters
the receiver., Formaelly, the last two toras correspond to the

mode denoted as secondary wave in the representation of (2,6),

since the exponent of e in IY (2,6)

- 1 kplnr - (’z+h').\1‘1 + n2.)

may also be written

-ik v - Vin k_(z+h)
for « 95,
This representation differs from that in (2,7) in the following
points: In (2,7), the integral U was completely neglected,
this is—admissible—only if transmitier and receiver are not
tbb—cloéﬂ tortheiearfhﬁs surface and z/E*(for z = h) is not too
small compared with unity, since in bovh cases nEx would vanish
eltogether: TFurthermore, the iﬁtég:él Toy has no#rbéén—expressed
by tke product of modified Bessel and Hankel functions, out by
thegfirsi:term of a rapidly convergent series, which is of prest

sdvantare for the numerical evaluation. Thus, the following



e v s b

" e

e o T

PRTE

AP o A a5 o e 5 M e e e g

SO e i

s

II - 46

.expressions: are obtained for the field strength componentst

- ‘E -

Hx
R '"kE; R

ezp(-k R): ik 1+k§x 3ik
2

exp(-kR") , ikp 14k

R' (kE “ R o

exp(-ik r) ik 14k x’
+ exp(- Vi—; k (z+h)) - ~——-——-— (ko - ,r° - 2‘°; +

L2 -
11}(0: 512’ ) -

+ - A
. r3 7 34

, 2 )
Hy exp(-ikER) ky ik
2

*E R 2® R  E

. P o (15)
exp(~1kR") 2 3k 4

R Nier3

xp( ik r)

+ exp(=Yix k (z+h))

3ik
E . 3 Yy (on)
+ = ) x (z=h)
r> gt

exp(=3ikgR)

‘uflg

< :’—zﬁ?"’;, : R' 3 1.2;4) x (z+h)

_ReHx = ——=—— [cos(AR)A + B sin (Arﬂ -

ex‘P(-ﬁR') -
"'"""'""""'f |_G cos(AB') + D sin (AP.J )J + (16)

, &P (= d( z’,{h,),),

a2 Wowh Seih o t“'coat} + F sin d)]
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In B = 3’-‘-‘%—'@-) -[B cos(AR) - A sin (4R)]

- exp(-aR*) o
- — [T cos(’A'R")‘ “Gsin (AR') )

e.xP(:"Av(z*yh)l (F cos (P - R Sin_d)]

In the main direction -of emission H s the functions

x|x=0

Ay By 4o+ o F ‘have the simple form:

A = - Q: - —1- 0 = e .f’A-‘- - _-1—2- T = ki - _1_2_
B} J ¥y : Rt y
. (17)

B o= -24° 8 D = 2pf - A F o= =2

R4 R Y

, _ o

/ , M ) e
¢ = Alz+h) + kT A=k, \j,.z_, “ \P —

In -order to determine the angular dependence of the wvalue of

the field strength in the plane z = h, we calculater

- - N ‘ >72
[ = LHXIQ + 5]

at r = R = const. and R' = const. In this case, the following

expressions are valid:

, N 2 o
H = & + Bx Hy = Bxy (18)
expf({-—ngR) - Bikg
R + "3 +
} R

Cp | emmleak) |k g
_ ,R,f _ ;::;:r— - R‘,D—,r;f - = -
expl=ik T ‘exp flvk Z+h —mk o
- —=— | + exp(- \[,mx (z+h), #pi(w/) +'§"+ f~~(\ ( )
+ p 3 = ) 4 F
, E r - - Rf'45i N
r 2 o
_ L,
P
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Thus,. for |H‘2 ‘we obtain
IR)Z = AT+ {2 [Re(1)Re(B) + In(A)Im(B)] + B%irrz‘:}itrz cos’e
0T ;l;H;[_?-' - ;lfA’)?z + T 72 \cosg’cp' (19)

Re ... real part

Im ... imaginary part, X being the conjugate complex value,
nence, [H{ in a polar diagram describes the curve (19) whose
large semi-axis in the case E>:0 lies in the dipole .axis, and
in the case E <0 vertical to the dipole axis. E>0 corresponds

to the short range field. For A <_::: ? %, ¥

| 128207 + 9270 120" - 302717 |

e + ————
810 B, 10

is easily found for E. E<O0, however, is valid in the long-
rerze field. Neglecting the terms in R and R' (since R'#~R

for z = h and h“/»;t"(fi,.
4 A2
-k “k an A
IA{Q = :a'% -2 exp(=2A(z+h)) °E = - ‘oéE exp(~A(z+h))
T I T

hence,.
1?&{2 = -‘Er’z

. ’k4§ 1=cH 2 A
-and ;|;3H;|‘2' = a; _;0(1 :o i exp(-2 &lz+n))  (20)
, ' - |

is obtained for A€, Fr.

Qualitatively, the result is the same as in the case of a dipole

- fnaa ‘homogeneous, unbounded medium. In this case

5c0a%g)
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42 L 24 ' e '
1S = :aé %“ exp(-2061) (1-cos?e)
T

7iS>vaiid,Eor‘theiiong~range field.

Thus, a quantitative compa ison Is possibie. The ratio
between the emission into the semi-space that into the full

space is

+H12HS exp(24 -
q = —i . exp(2tr) (21)

) 2
gl FS X

for the long-range fieldiéh/r'@ 1). Hence, we may assume that
the effect of the surface in the long-range field is of

considerable importance. This is also confirmed by (26), since

'FH[%S in the long-range field is represented only by the term

which takes the existence of & boundary surface into account.
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Fig. (2,3) gives the course af the field strength H &s

x}y=o0
dependent on the distance (up to r = 500 m). 'The depth of
transmitter and receiver is 600 m. TFor comparisen, the field
strength of a dipole in a homogeneous, unbounded space was
plotted (dashedvcurve). Here, an effect of the surface is not
noted: the two curves overlap. The field strength decreases as
the product(nd increases (x are measured points). Fig. 2,2

and Table 2§ show Hx(x=o as dependent on the distance in
comparison with the representation according to (2,7) and the
Hertzian solution for the unbounded space at a transmititer ana
receiver depth of 250 m. Fig. 2,2 shows that the earth-air
interface hardly has any effect up to a distance of 1000 m.
Table 2,6, however, shows that the ground wave U has a decisive

4

effect already from r = 10" onward, at r = 105 it yields the

10°1_£01d field strength in the case o = 5+10"2 mhos/m, and the
1O1O1~fold field strength in the case ¢ = '5*‘!()‘"4 mhos/m, as
compared to the Hertzian solution. The increase in field strengti
with oup tor = 103 m is consistent with the consideravions of
{13 (p. 15). The dependence on o is reversed as the distance
increases, the field strength thcn decreases with increasing o,

3

The propagation in the range r £10” m is strongest according to
the representation in (2,7). The approximetion appiied in (2,7)
for calculating the interral expressions;—&n.(z, ) the following

expressions were obtained:

exp(—ikER).‘exp(-ikER’)

nEx = aE R nt
exp(-ik R') -
2 2 E 3
KE'Z', = aE_—Bx‘iz R! -+ Ag Io(a)K()(B)) !

2
kB -
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is, however, probably not suited for describing the propagation
process of dipole excitation, for the following reasons: Owing
to the boundary conditions (2) at z = U, neglecting the integral

U in Moy succesgsively leads to the conclusions:

nEx =0

nAx = 0
ax on z2=20
Bx Ax 0
ax ax

A an,
div%ﬁ = div®, = TDZ = 2
A 0% 3z

Introduction of the expressions for m_ of (2,7) into the last

expression:
(o9}
T, = f &p (») exp(-UE?) J1 (Ar)dAicose
)
yields .
T, T [ g, () exp(U,2) J,(Ar)d\cose
o
yields
: 35
q‘“Ez Az
02 802

because of gE(A) = gA(k), a discrepancy which cannot be

eliminated by the approximaition used for oy because of

Ty £ T,
or
2 2 2 2
- A7 - kg £ YA -k
. 5 , 2 2
At distances of r > 107 m, Rand r' = {r° + (z+h) =

< s

R o T A

AT W T AP o

- R e i i S deia® 4 W o K




= T V% + E%h)zzir become approximately independent of 2

forz = h& 500m, Thus, R = R' = =r. This again yields
"Bx ~ 0
2ap 3
a
"Be = 2 5 I (@) (p)

kE Axdz

If the asymptotic representations for the modified Ressel or

Hankel functions are used

I (a) = — (" + e )
° T
W= -8
K (p) = 25 ©
which is possible, since for |al = A(R' - (z+h)) and
8] = O(R' + (z+h)),
o> 1 (sl > 1

holds at r2 105 m and 0310-5,; then the below expressions follov

successively:

1 ; . T
IOGa)KOQB) = — {exp(a - g) + exp(=(a+p) - 1 7 )
2 Yop
exp(-ikER”) exp(»ikE(z+h))
=TV TRy A
E i
and 7
. 32 5 2 ( exp(~ikg(z+h))
x a2 ,2 .2 7 ro
Ax 'kE, E
: 2 2
= - 2(j“g'2xfj exp(~ikp(z+t) ),

7
i.e. a plane wave excited in z = ~h in s-direction, whose
amplitude decreaseg as 1/%3. An exact valuation of the theoxy

described in (2,7) will be gmiven later,
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III. Comparison of theory and experiment

The measurements described in part I were evaluated from the
viewpoints of two diffexent theories, one being the theory fox
a dipole in an unbounded homogeneous medium, and the second
being an elaborate theory developed in chapter 2 and also in
[7}. Unfortunately it has not been possible to evaluate this
theory accuratcly and in detail, as for this purpose an
electronic computer would be necegsary. We shall make these
calculations in the near future, as a computer is going to

be set up in Innsbruck very soon. 8§o far, we could compute
only some special measurements with considerable simplifica-
tions.,

The measurement in the German mine Fusseberg, dealt with in
chapter 1,7, seemed to be well suited for studying the effect
of the -earth's surface on wave propagation over large distances,
because the geometrical conditions are favorable there.

The points of measurement, the curves for a pure dipole, and
those according to '[7:} and chapter 2,8 were plotted in

Pig. 2,%, but a statement on the exact course of the experimental
curve cannot be made yet because the distance is too small

(only 500 m). In this distance range, at a conductivity

G = ‘l*O"A;5’23"41:1"1 which in %this mine can be -assumed to be

mean value, the two sbove theoretical curves are practically
identical.

The conditicns of our meazsurements in Schwaz are similar - here,
+he measurement reaches 1200 n, but the effect of the earth's

gurface cannot be proved witr certainty becavse of the low
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conductivity and the great depth (Fig. 3,2).

For our measurements in Schwaz, the surface can no longer be
assumed a8 plane (a® e.g. in Fifsseberg).

Table 3,1 gives the values calculated according to the theory

of & dipole and according to [7].

The transmitter described in chapter 1,3, which was used for

meaguring over distances up to 3.300 m in the St. Gertraudi

mine showed good results (chapter +,9).

‘The geometrical conditions of these measurements are given in

Fig. 3,3 and the idealization necessary for the evaluation
is gshown in Fig. 3,4

—— e e e

Grosskogel
X o " .
Iy v . -9 .
! I3 - 7 - ;e T T )]‘/ T LA /3vf3\'ff\

N e ey ke v v i ey AU S s e b e A e S A A b i
. &,¢

A 3
-

T " earth's surface
—~0

‘d‘

-

EW profile

(x) indicates the position of the transmitter and (o) indicates

the individual points measured below ground as well as on the

earth's surface.
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Fig. 3,4 shows that the depth which had to be iniroduced into
the calculation decreases for the individual points of
measurement. Despite the considerable idealization of the
présent problem, the course given in Table 3,2 and Fig. 3,1
shows that the points of measurement at distances of more

than 1.5 km are much betier described by the new and improved
theory (allowing for the sky wave and ground wave) than by

the original dipole theory.

It will be the aim of further measurements with a more

powerful transmitter antenna which is now being built to study
the propagation over very great distances in detail.

In this case, only the ground wave yields a considerable

contribution to the propagation mechanism.

Table 3,1

g = 5.10'5 52-1 m-1; transmitter - earth's surface 1000 m; f = 3 kc.

ESLY Dipole [1]ﬂ TNG6 [T] fu measurement [Wb/m?}
200 248010710 2670.10-10 3,8.10712
316 7 626 657 2,8
405 306 314 145
620 81 1 92 | 0,38
740 | 45 | s | 0,21
850 % _ 34,2 | 0,13
910 | 23,8 | 27,8 0,095
1000 | 17 20,5 0,07
1024 j 16,6 | 18,7 0,07
1180 : 10,3 { 10,7 0,042
1275 1 7,87 A 6,08 0,035
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St. Gertraudi;

S

Table 3,2
h=400m o=10%9 "0, £23xe, 6= 30°
r [m] : I’HIEI]WO-TO | measurement EIV]
:

1000 11,5 0,45

1100 8,81 0,445

1200 6.83 0,33

1400 4,23 0,262

1550 3,53 0,348

1800 2,20 0,151

2000 1,5 0,088

2200 1472 0,197

3000 0,507 0,058

3300 | 0,408 0,0197

4000 ! 0,130 —
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The publications (1) through (4) as well as (14) preved tn be of
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priﬁcipal impo.stanc:. The methods discussed therein were used
in Technical Notes Nos. 4 to 6. An exact study of (7) made us
acquainted with Zundamental methods for the treatment of
transmigsion provlems in generzl, and especially those in the
VLF range. The Mode Theory exnlained in (5), (6), (7), (92),
and (10) as well as the methods of VLF transmission in the
atmosphere between the earth's surface and the ionosphere
explained in (15), (16), and (19) through (24), where the

Wt,v. are considered to be excited in the atmosphere, will te
important for further work because the theory may be extended to
excitation of the modes beyond the atmosphere; interesting
results are expected to be gained by this extension. A
continuation of the above studies is planned but is bound to
the uge of an elecfronic computer which will be availab’e =zt
the beginning of 1964.. As yet, publications (17) and (18)

seem to be of little interest for our work. Publications (25)
through (30) as well as {(8) deal with antenna problems.

In this connection it will be necessary to study an even larger

number of publications.

The comprehensive report (82) which we obtained just bafore going
to press naturally was of special interest. It showed on the

one hand, that the way we chose independently fcr describing

the propagaiion of VLF waves, has alsorbeen used by ozher
scientists. It proves, on the other hand, that a number of
quesvions must be answered before the problem can he locked

upon as being solved, although some problems can be sclved by




i“&édiﬁjiné fhé¥eiisting theo%yiof:thg propagation and

,excftgttbn of VLF wavEs;}niﬁpg%athSQhere be$wéenAearth and
ionosfhereq 'ThisAhoIas boihrin theory and-practice}
especially for the antenna problem. A considerable improvement
of the efficiency of VLF antennas would be a great

‘advance in this field, which has not yet been made despite

T great efforts. For further studies of the excitaticn
== _problem, emphasis must be laid on improving the efficiency
foVLF antennas..
. (32)—§oiyes!the problem of the propagation of electromagnetic
| waves in the interior of the earth in three different wvays,
depending on the geological structure and or the values of
_ the eiectribai parameter of the studied region:
(a) by the so-called UP-OVER AND DOWN modes at a small
) - depth of transmitter and receiver, and at high conductivity
7  losses, a form of propagation R. K. Moore described in this
thesis.,
Here, the direct wave and the wave reflected from the earth's
;f 7 ; sﬁrface~are negieciéd-because of high exponential damping.
; é ‘ Hence, this theory can describe propagation at‘high
%é j— :ppnductfvities,@apgroximate%y tha& of sea water).
| 5 © (%) By the so-called SHORT DISPANCE MODES at mediwt ohmic

~7 " ZXosses. The field at the point of reception is composed of
= - & .direct wave, & reflected wave, and a ground wave (we have
7,;):3126 ady- deéigfh:iib'e’dé this form of-nrapagetion in ‘l.'}l]l) .
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- (c) By the wave gu;de thenry at small ohmlc 1osses, as is

“the case in propagatlon 1n the atmosphere between earth and

7'ffx§nosphere.; The'geologlcal structure of the earth was
assumed to consists of layers of different conductivity (a layer
of comparatively poor conductivity between two layers of good
conductivity).
:ij'has~aiready'heen:worked—oui,in;€E1} and has been adepted in
the present report. f(a) and (c) are of LessFidteresf for our
woxkqAbecaﬁse the geological cén&ftions are not appropriate.
Qur measurEménts:are mainky carried out withithe~c0ndfti;ns
shown in Fig¢v4{i§ Pherefore we are intended to get up a theory
of propagation based on this structure, which will better

"~ cearrespond to the actuai-condifions,
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Another problem will be to study the propagation in a 1ayer

7 wiih*axoonducriyixy 0 = ?97494 ff mho /m maklng allowances for the
'—}'féfiéd#fdhaﬁrdﬁqfﬁeagrbundraﬁﬂ?by %hengound@wa%eri}eveii

’”1‘as well ag the Influence,of the 1onosphere whlch w:ll ex1st
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A bstract

The present paper deals with meaéunementStconcerning the prorage-
tion of VLF waves through inhomogeneous rock, the influence of
the earth's surface being *aken into account. These measurements
are compared with results of theoretical works. Furthermore,
conductivity measurements of rock in mines are discussed and
compaxred with the results gained from propagaticn measurements.

The results have been found to agree well.
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